G.P. Tolstov 


FOURIER 
SERIES 


. yf 
. \ Jon \ Jar \ Jon 


b AVAVAVAUAUAUAUiUEs 
TVEV VV VU VV 


WAAAAAAAAL 
AN 


FOURIER 
SERIES 


FOURIER 
SERIES 


GEORGI P. TOLSTOV 


Professor of Mathematics 
Moscow State University 


Translated from the Russian Ey 


Richard A. Silverman 


1962 
PRENTICE-HALL, INC. 
Englewood Cliffs, New Jersey 


© 1962 by 
PRENTICE-HALL, INC. 
Englewood Cliffs, N.J. 


All rights reserved. No part of this book 
may be reproduced in any form, by 
mimeograph or any other means, without 
permission in writing from the publisher. 


Library of Congress Catalog Number 62-9319 


Printed in the United States of America 
32993C 


AUTHOR’S PREFACE 


My book on Fourier series, which originally appeared in 
Russian, has already been translated into Chinese, 
German, Polish and Rumanian. Iam very grateful to 
Dr. R. A. Silverman and to the Prentice-Hall Publishing 
Company for undertaking to prepare and publish an 
English version of the second Russian edition. It would 
be most gratifying to me if the book were to serve the 
needs of American readers. 


I would like to thank V. Y. Kozlov, L. A. Tumarkin and 
A. J. Plesner for the helpful advice they gave me while I 


was writing this book. 
G. P. T. 


TRANSLATOR’S PREFACE 


The present volume is the second in a new series of 
translations of outstanding Russian textbooks and 
monographs in the fields of mathematics, physics and 
engineering, under my editorship. It is hoped that 
Professor Tolstov’s book will constitute a valuable addi- 


tion to the English-language literature on Fourier series. 
Vv 


Vi TRANSLATOR'S PREFACE 


The following two changes, made with Professor 
Tolstov’s consent, are worth mentioning: 


1. To enhance the value of the English-language 
edition, a large number of extra problems have been 
added by myself and Professor Allen L. Shields of the 
University of Michigan. We have consulted a variety 
of sources, in particular, A Collection of Problems in 
Mathematical Physics by N. N. Lebedev, I. P. Skals- 
kaya, and Y. S. Uflyand (Moscow, 1957), from which 
most of the problems appearing at the end of Chapter 
9 have been taken. 


2. To keep the number of cross references to a 
minimum, four chapters (8 and 9, 10 and 11) of the 
Russian original have been combined to make two 
chapters (8 and 9) of the present edition. 


I have also added a Bibliography, containing suggestions 
for collateral and supplementary reading. Finally, it 
should be noted that sections marked with asterisks 
contain material of a more advanced nature, which can be 
omitted without loss of continuity. 

R.A. S. 


CONTENTS 


TRIGONOMETRIC FOURIER SERIES Page 1. 1: 
Periodic Functions, 1. 2: Harmonics, 3. 3: Trigonometric 
Polynomials and Series, 6. 4: A More Precise Terminology. 
Integrability. Series of Functions, 8. 5: The Basic Trigo- 
nometric System. The Orthogonality of Sines and Cosines, 
10. 6: Fourier Series for Functions of Period 2, 12. 7: 
Fourier Series for Functions Defined on an Interval of 
Length 2x, 15. 8: Right-hand and Left-hand Limits. Jump 
Discontinuities, 17. 9: Smooth and Piecewise Smooth 
Functions, 18. 10: A Criterion for the Convergence of 
Fourier Series, 19. 11: Even and Odd Functions, 21. 12: 
Cosine and Sine Series, 22. 13: Examples of Expansions in 
Fourier Series, 24. 14: The Complex Form of a Fourier 
Series, 32. 15: Functions of Period 2/, 35. Problems, 38. 


ORTHOGONAL SYSTEMS Page 41. 1: Definitions, 41. 
2: Fourier Series with Respect to an Orthogonal System, 42. 
3: Some Simple Orthogonal Systems, 44. 4: Square Inte- 
grable Functions. The Schwarz Inequality, 50. 5: The 
Mean Square Error and its Minimum, 51. 6: Bessel’s 
Inequality, 53. 7: Complete Systems. Convergence in the 
Mean, 54. 8: Important Properties of Complete Systems, 57. 
9: A Criterion for the Completeness of a System, 58. *10: 
The Vector Analogy, 60. Problems, 63. 


CONVERGENCE OF TRIGONOMETRIC FOURIER 
SERIES Page 66. 1: A Consequence of Bessel’s Inequality, 
66. 2: The Limit as noo of the Trigonometric Integrals 


b 
[feo cos nx dx and [ f(x) sin nx dx, 67. 3: Formula for 


the Sum of Cosines. Auxiliary Integrals, 71. 4: The 
Integral Formula for the Partial Sum of a Fourier Series, 72. 
5: Right-Hand and Left-Hand Derivatives, 73. 6: A Sufficient 
Condition for Convergence of a Fourier Series at a Con- 


tinuity Point, 75. 7: A Sufficient Condition for Convergence 
vii 


Viii CONTENTS 


of a Fourier Series at a Point of Discontinuity, 77. 8: 
Generalization of the Sufficient Conditions Proved in Secs. 
6 and 7, 78. 9: Convergence of the Fourier Series of a 
Piecewise Smooth Function (Continuous or Discontinuous), 
79. 10: Absolute and Uniform Convergence of the Fourier 
Series of a Continuous, Piecewise Smooth Function of Period 
2x, 80. 11: Uniform Convergence of the Fourier Series of a 
Continuous Function of Period 2x with an Absolutely 
Integrable Derivative, 82. 12: Generalization of the Results 
of Sec. 11, 85. 13: The Localization Principle, 90. 14: 
Examples of Fourier Series Expansions of Unbounded Func- 
tions, 91. 15: A Remark Concerning Functions of Period 
2!,94. Problems, 94. 


TRIGONOMETRIC SERIES WITH DECREASING 
COEFFICIENTS Page 97. 1: Abel’s Lemma, 97. 2: 
Formula for the Sum of Sines. Auxiliary Inequalities, 98. 
3: Convergence of Trigonometric Series with Monotonically 
Decreasing Coefficients, 100. *4: Some Consequences of the 
Theorems of Sec. 3, 103. 5: Applications of Functions of a 
Complex Variable to the Evaluation of Certain Trigono- 
metric Series, 105. 6: A Stronger Form of the Results of 
Sec. 5, 108. Problems, 112. 


OPERATIONS ON FOURIER SERIES Page 115. 1: 
Approximation of Functions by Trigonometric Polynomials, 
115. 2: Completeness of the Trigonometric System, 117. 3: 
Parseval’s Theorem. The Most Important Consequences of 
the Completeness of the Trigonometric System, 119. *4: 
Approximation of Functions by Polynomials, 120. 5: 
Addition and Subtraction of Fourier Series, Multiplication 
of a Fourier Series by a Number, 122. *6: Products of 
Fourier Series, 123. 7: Integration of Fourier Series, 125. 
8: Differentiation of Fourier Series. The Case of a Con- 
tinuous Function of Period 2x, 129. *9: Differentiation of 
Fourier Series. The Case of a Function Defined on the 
Interval [— 7x, x], 132. *10: Differentiation of Fourier Series. 
The Case of a Function Defined on the Interval [O, x], 137. 
11: Improving the Convergence of Fourier Series, 144. 12: 
A List of Trigonometric Expansions, 147. 13: Approximate 
Calculation of Fourier Coefficients, 150. Problems, 152. 


SUMMATION OF TRIGONOMETRIC FOURIER 
SERIES Page 155. 1: Statement of the Problem, 155. 2: 
The Method of Arithmetic Means, 156. 3: The Integral 


CONTENTS ixX 


Formula for the Arithmetic Mean of the Partial Sums of a 
Fourier Series, 157. 4: Summation of Fourier Series by the 
Method of Arithmetic Means, 158. 5: Abel’s Method of 
Summation, 162. 6: Poisson’s Kernel, 163. 7: Application 
of Abel’s Method to the Summation of Fourier Series, 164. 
Problems, 170. 


DOUBLE FOURIER SERIES. THE FOURIER 
INTEGRAL Page 173. 1: Orthogonal Systems in Two 
Variables, 173. 2: The Basic Trigonometric System in Two 
Variables. Double Trigonometric Fourier Series, 175. 3: 
The Integral Formula for the Partial Sums of a Double 
Trigonometric Fourier Series. A Convergence Criterion, 
178. 4: Double Fourier Series for a Function with Different 
Periods in x and y, 180. 5: The Fourier Integral as 
a Limiting Case of the Fourier Series, 180. 6: Improper 
Integrals Depending on a Parameter, 182. 7: Two Lemmas, 
185. 8: Proof of the Fourier Integral Theorem, 188. 9: 
Different Forms of the Fourier Integral Theorem, 189. *10: 
The Fourier Transform, 190. *1l1: The Spectral Function, 
193. Problems, 195. 


BESSEL FUNCTIONS AND FOURIER-BESSEL SERIES 
Page 197. 1: Bessel’s Equation, 197. 2: Bessel Functions of 
The First Kind of Nonnegative Order, 198. 3: The Gamma 
Function, 201. 4: Bessel Functions of the First Kind of 
Negative Order, 202. 5: The General Solution of Bessel’s 
Equation, 203. 6! Bessel Functions of the Second Kind, 204. 
7: Relations between Bessel Functions of Different Orders, 
205. 8: Bessel Functions of the First Kind of Half-Integral 
Order, 207. 9: Asymptotic Formulas for the Bessel Functions 
208. 10: Zeros of the Bessel Functions and Related Func- 
tions, 213. 11: Parametric Form of Bessel’s Equation, 215. 
12: Orthogonality of the Functions J,(Ax), 216. 13: Evalua- 


I 
tion of the Integral [ xJ,2(Ax) dx, 218. *14: Bounds for the 


i , 
Integral [ xJ,,2(Ax) dx, 219. 15: Definition of Fourier-Bessel 


Series, 220. 16: Criteria for the Convergence of Fourier- 
Bessel Series, 221. *17: Bessel’s Inequality and its Conse- 
quences, 223. *18: The Order of Magnitude of the Coefh- 
cients which Guarantees Uniform Convergence of a Fourier- 
Bessel Series, 225. *19: The Order of Magnitude of the 
Fourier-Bessel Coefficients of a Twice Differentiable Function, 
228. *20: The Order of Magnitude of the Fourier-Bessel 
Coefficients of a Function Which is Differentiable Several 


X CONTENTS 


Times, 231. *21: Term by Term Differentiation of Fouriter- 
Bessel Series, 234. 22: Fourier-Bessel Series of the Second 
Type, 237. *23: Extension of the Results of Secs. 17-21 to 
Fourier-Bessel Series of the Second Type, 239. 24: Fourier- 
Bessel Expansions of Functions Defined on the Interval 
[O, /J, 241. Problems, 243. 


THE EIGENFUNCTION METHOD AND ITS APPLICA- 
TIONS TO MATHEMATICAL PHYSICS Page 24S. 
Part I: THEORY. 1: The Gist of the Method, 245. 2: The 
Usual Statement of the Boundary Value Problem, 250. 3: 
The Existence of Eigenvalues, 250. 4: Eigenfunctions and 
Their Orthogonality, 251. 5: Sign of the Eigenvalues, 254. 
6: Fourier Series with Respect to the Eigenfunctions, 255. 
7: Does the Eigenfunction Method Always Lead to a Solution 
of the Problem?, 258. 8: The Generalized Solution, 261. 9: 
The Inhomogeneous Problem, 264. 10: Supplementary 
Remarks, 266. Part IT: APPLICATIONS, 268. 11: Equation of 
a Vibrating String, 268. 12: Free Vibrations of a String, 
269. 13: Forced Vibrations of a String, 273. 14: Equation 
of the Longitudinal Vibrations of a Rod, 275. 15: Free 
Vibrations of a Rod, 277. 16: Forced Vibrations of a Rod, 
280. 17: Vibrations of a Rectangular Membrane, 282. 18: 
Radial Vibrations of a Circular Membrane, 288. 19: 
Vibrations of a Circular Membrane (General Case), 291. 20: 
Equation of Heat Flow in a Rod, 296. 21: Heat Flow ina 
Rod with Ends Held at Zero Temperature, 297. 22: Heat 
Flow in a Rod with Ends Held at Constant Temperature, 
299. 23: Heat Flow in a Rod Whose Ends are at Specified 
Variable Temperatures, 301. 24. Heat Flow ina Rod Whose 
Ends Exchange Heat Freely with the Surrounding Medium, 
301. 25: Heat Flow in an Infinite Rod, 306. 26: Heat Flow 
in a Circular Cylinder Whose Surface is Insulated, 310. 27: 
Heat Flow in a Circular Cylinder Whose Surface Exchanges 
Heat with the Surrounding Medium, 312. 28: Steady-State 
Heat Flow in a Circular Cylinder, 313. Problems, 316. 


ANSWERS TO PROBLEMS Page 319. 
BIBLIOGRAPHY Page 331. 


INDEX Page 333. 


FOURIER 
SERIES 


| 


TRIGONOMETRIC 
FOURIER SERIES 


I. Periodic Functions 


A function f(x) is called periodic if there exists a constant T > 0 for which 


T(x + T) = f(x), (1.1) 


for any x 1n the domain of definition of f(x). (It is understood that both x 
and x + JT le in this domain.) Such a constant T is called a period of the 
function f(x). The most familiar periodic functions are sin x, cos x, tan x, 
etc. Periodic functions arise in many applications of mathematics to 
problems of physics and engineering. It 1s clear that the sum, difference, 
product, or quotient of two functions of period 7 is again a function of 
period 7. 

If we plot a periodic function y = f(x) on any closed intervala < x < 
a+ 7, we can obtain the entire graph of f(x) by periodic repetition of the 
portion of the graph corresponding to a < x < a+ T (see Fig. 1). 

If JT is a period of the function f(x), then the numbers 27, 37, 47,... 
are also periods. This follows immediately by inspecting the graph of a 
periodic function or from the series of equalities! 


Tx) =f(x + T) =f(« + 27) =f(x + 3T) = -:-- 


1 We suggest that the reader prove the validity not only of these equalities but also of 
the following equalities: 
f(x) =f(x — T) =f — 2T) = f@ — 3T)=--- 
| 
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which are obtained by repeated use of the condition (1.1). Thus, if T 1s a 
period, so is kT, where k is any positive integer, 1.e., 1f a period exists, it 1s 
not unique. 


[N NEA TA 
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FIGURE | 


Next, we note the following property of any function f(x) of period 7: 


If f(x) is integrable on any interval of length T, then it is integrable on any 
other interval of the same length, and the value of the integral is the same, 
1.€., 


at+T b+T 
[PP f0) dx = | £00 dx, (1.2) 
for any a and b. 


This property is an immediate consequence of the interpretation of an 
integral as an area. In fact, each integral (1.2) equals the area included 
between the curve y = f(x), the x-axis and the ordinates drawn at the end 
points of the interval, where areas lying above the x-axis are regarded as 
positive and areas lying below the x-axis are regarded as negative. In the 
present case, the areas represented by the two integrals are the same, because 
of the periodicity of f(x) (see Fig. 2). 


Yj , 
Li, \ L | 
oh / a fe b b+T\ / \ / 


FIGURE 2 


Hereafter, when we say that a function f(x) of period T is integrable, we 
shall mean that it is integrable on an interval of length 7. It follows from 
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the property just proved that f(x) is also integrable on any interval of finite 
length. 


2. Harmonics 


The simplest periodic function, and the one of greatest importance for the 
applications, 1s 


y = Asin (wx + 9), 


where A, w, and @ are constants. This function is called a harmonic of 
amplitude |A|, (angular) frequency w, and initial phase 9. The period of such 
a harmonic is T = 2x/w, since for any x 


A sin (» + =| +- °| = Asin [(@x + 9) + 2x] = Asin (wx + 9g). 


The terms “‘amplitude,”’ “frequency,” and “initial phase”’ stem from the 
following mechanical problem involving the simplest kind of oscillatory 
motion, 1.e., simple harmonic motion: Suppose that a point mass M, of mass 
m, moves along a straight line under the action of a restoring force F which 1s 
proportional to the distance of M from a fixed origin O and which ts directed 
towards O (see Fig. 3). Regarding s as positive if M lies to the right of O and 


O fF M 
-—_ , 
FIGURE 3 


negative if M lies to the left of O, i.e., assigning the usual positive direction to 


the line, we find that F = —ks, where k > O1is a constant of proportionality. 
Therefore 
ds 

ma ks 
or 

d2s 

ied 2o 

Ap + wes = 0, 


where we have written w2 = k/m, so thatw = Vk/m. 

It is easily verified that the solution of this differential equation 1s the 
function s = A sin(wt + ¢), where A and @ are constants, which can be 
calculated from a knowledge of the position and velocity of the point M at 
the initial time ¢ = 0. This function sis a harmonic, and in fact is a periodic 
function of time with period TJ = 2zx/w. Thus, under the action of the 
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restoring force F, the point M undergoes oscillatory motion. The amplitude 
|A| is the maximum deviation of the point M from O, and the quantity 1/7 
is the number of oscillations in an interval containing 2x units of time 
(e.g., seconds). This explains the term “‘frequency”’. The quantity ¢ 1s the 
initial phase and characterizes the initial position of the point, since for 
t = 0 we have Sp = sing. 

We now examine the appearance of the curve y = Asin(wx + 9). We 
assume that w > 0, since otherwise sin (— wx + ) 1s merely replaced by 
—sin(wx — o). The simplest case is obtained when A = 1, w = 1,9 = 0; 
this gives the familiar sine curve y = sinx [see Fig. 4(a)]. For A = 1, 
w = 1, 9 = 7/2, we obtain the cosine curve y = cos x, whose graph is the 
same as that of y = sin x shifted to the left by an amount 7/2. 
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FIGURE 4 
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Next, consider the harmonic y = sinwx, and set wx = z, thereby 
obtaining y = sin x, an ordinary sine curve. Thus, the graph of y = sin wx 
is obtained by deforming the graph of a sine curve: This deformation 
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reduces to a uniform compression along the x-axis by a factor w if w > 1, 
and to a uniform expansion along the x-axis by a factor 1/w if@ < |. Figure 
4(b) shows the harmonic y = sin 3x, of period T = 27/3. 

Now, consider the harmonic y = sin (wx + 9), and set mx + © = wz, SO 
that x = z — o/w. We already know the graph of sinwz. Therefore, the 
graph of y = sin(wx + @) Is obtained by shifting the graph of y = sinwx 
along the x-axis by the amount —o9/w. Figure 4(c) represents the harmonic 


y = sin (3x + =) 


with period 27/3 and initial phase 17/3. 

Finally, the graph of the harmonic y = A sin (wx + ©) 1s obtained from 
that of the harmonic y = sin(wx + ¢) by multiplying all ordinates by the 
number A. Figure 4(d) shows the harmonic 


y= 2s1n (3x + 5) 


These results may be summarized as follows: 


The graph of the harmonic y = A sin (wx + ©) is obtained from the graph 
of the familiar sine curve by uniform compression (or expansion) along 
the coordinate axes plus a shift along the x-axis. 


Using a well-known formula from trigonometry, we write 
A sin (wx + ©) = A(cos wx sino + SIN WX COS 9g). 
Then, setting 
a= Asino, 5b = Acos 4, (2.1) 
we convince ourselves that every harmonic can be represented in the form 
acoswx + bsin wn. (2.2) 


Conversely, every function of the form (2.2) is a harmonic. To prove this, 
it is sufficient to solve (2.1) for A and B. The result 1s 


b 


~~ a= a 
—= 2 2 , = — — SS 
A= Va? + b2, sing 7 A> Vata be 


a 
Var + b? ° 
from which o Is easily found. 
From now on, we shall write harmonics in the form (2.2). For example, 
for the harmonic shown in Fig. 4(d), this form 1s 


2 sin (3x + 4 — V/3 cos 3x + sin 3x 
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It will also be convenient to explicitly introduce the period 7 in (2.2). 
If we set T = 2/, then, since T = 27/w, we have 


27% 


T / 


«) 
and therefore, the harmonic with period T = 2/ can be written as 


a cos = + sin =. (2.3) 


3. Trigonometric Polynomials and Series 


Given the period 7 = 2/, consider the harmonics 


Ay, cos + b, sin = (A = 1,2,...) (3.1) 


with frequencies w, = 7k// and periods 7, = 2n/w, = 2//k. Since 
T= 2 = KT, 


the number T = 2/ is simultaneously a period of all the harmonics (3.1), for 
an integral multiple of a period is again a period (see Sec. 1). Therefore, 
every sum of the form 


tk x . kX 
S,(X) = A + 2, (4, COS yy + b, sin 7 ) 


where A is a constant, is a function of period 2/, since it is a sum of functions 
of period 2/. (The addition of a constant obviously does not destroy 
periodicity; in fact, a constant can be regarded as a function for which avy 
number is a period.) The function s,(x) 1s called a trigonometric polynomial 
of order n (and period 2/). 

Even though it is a sum of various harmonics, a trigonometric poly- 
nomial in general represents a function of a much more complicated nature 
than a simple harmonic. By suitably choosing the constants A, a, 5, 
Q>, b>,... we can form functions y = s,(x) with graphs quite unlike the 
smooth and symmetric graph of a simple harmonic. For example, Fig. 5 
shows the trigonometric polynomial 


y = sinx + 4sin 2x + 1 sin 3x. 
The infinite trigonometric series 


— TK , KX 
A+ > (a Cos TT + b,. sin =) 
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(if it converges) also represents a function of period 2/. The nature of func- 
tions which are sums of such infinite trigonometric series is even more 
diverse. Thus, the following question arises naturally: Can any given 


FIGURE 5 


function of period T = 2/ be represented as the sum of a trigonometric 
series? We shall see later that such a representation is in fact possible for a 
very wide class of functions. 

For the time being, suppose that f(x) belongs to this class. This means 
that f(x) can be expanded as a sum of harmonics, i.e., as a sum of functions 
with a very simple structure. The graph of the function y = f(x) 1s obtained 
as a “‘superposition”’ of the graphs of these harmonics. Thus, to give a 
mechanical interpretation, we can represent a complicated oscillatory motion 
f(x) as a sum of individual oscillations which are particularly simple. How- 
ever, One must not imagine that trigonometric series are applicable only to 
oscillation phenomena. This is far from being the case. In fact, the 
concept of a trigonometric series 1s also very useful in studying many 
phenomena of a quite different nature. 

If 


F(x) = A+> (a, cos ~~ v4 b, sin =) (3.2) 


then, setting wx// = t or x = ¢tl/7, we find that 


o(t) =s(5) =A+t > (a, cos kt + 6, sin kt), (3.3) 
k= 1 


where the harmonics in this series all have period 2x. This means that if a 
function f(x) of period 2/ has the expansion (3.2), then the function 9(¢) = 
J(ti/x) is of period 27 and has the expansion (3.3). Obviously, the converse 
is also true, i.e., if a function (tf) of period 27 has the expansion (3.3), then 
the function f(x) = o(zx//) is of period 2/ and has the expansion (3.2). 
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Thus, it is enough to know how to solve the problem of expansion in trigono- 
metric series for functions of the ‘“‘standard”’ period 27. Moreover, in this 
case, the series has a simpler appearance. Therefore, we shall develop the 
theory for series of the form (3.3), and only the final results will be converted 
to the “‘language”’ of the general series (3.2). 


4. A More Precise Terminology. Integrability. Series of Functions 


We now introduce a more precise terminology and recall some facts from 
differential and integral calculus. When we say that f(x) 1s integrable on the 
interval [a, b], we mean that the integral 


{ ° Hx) dx (4.1) 


(which may be improper) exists in the elementary sense. Thus, our inte- 
grable functions f(x) will always be either continuous or have a finite number 
of points of discontinuity in the interval [a, b], at which the function can be 
either bounded or unbounded. 

In courses on integral calculus, it is proved that if a function has a finite 
number of discontinuities, then if the integral 


b 
[£00] ax 

exists, so does the integral (4.1). (The converse is not always true.) In 

this case, the function f(x) is said to be absolutely integrable. If f(x) 1s 

absolutely integrable and (x) is a bounded integrable function, then the 

product f(x)o(x) is absolutely integrable. The following rule for integration 

by parts holds: 


Let f(x) and o(x) be continuous on [a, b], but perhaps non-differentiable at 
a finite number of points. Then, if f'(x) and o'(x) are absolutely inte- 
grable,2 we have 


b x=b b 

[ fee'(x) dx = | Foye] “= f fox) de (4.2) 
Another familiar result is the fact that if the functions f,(4), a(x), ..., 4.0) 
are integrable on {a, 5], then their sum is also integrable, and 


sb n n b 
| | > ne) ax = > FAX) ax. (4.3) 
"a tke] k=] 4 
2 Instead of absolute integrability of both derivatives, we can weaken this requirement 
to absolute integrability of just one of the derivatives. However, the stronger form of the 
requirement ts sufficient for what follows. 
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We now consider an infinite series of functions 


Aix) + fils) +--+ AX) $0 = 2. IX). (4.4) 


Such a series is said to be convergent for a given value of x if its partial suis 


Si) => AQ) (n= 1,2,...) 
k=] 


have a finite limit 


s(x) = lim s,(x). 
N—> © 

The quantity s(x) 1s said to be the sz of the series, and is obviously a function 
of x. Ifthe series converges for all x in the interval [a, 5], then its sum s(x) 
1s defined on the whole interval [a, 5]. 

We now ask whether the formula (4.3) can be extended to the case of a 
convergent series of functions which are integrable on the interval [a, 5], 
1.e., 18 the formula 


br & b © ab 
| | > fl] dx = | s(x) dx = > | fil x) dx (4.5) 
aol zy a k=1°4@ 
valid? In other words, can the series be integrated term by term? It turns 
out that (4.5) is not always-valid, if for no other reason than that a series of 
integrable or even continuous functions may not even have an integrable 
sum. A similar problem arises in connection with the possibility of term by 
term differentiation of series. We now single out an important class of 
series of functions to which these operations can be applied. 
The series (4.4) is said to be uniformly convergent on the interval [a, 5) if 
for any positive number «, there exists a number N such that the inequality 


|S(x) _ 5,(X)| <¢ (4.6) 


holds for all » > Nand for all x in the interval [a, b]. Thus, if we examine 
the graph of the sum of the series s(x) and of the partial sum s,(x), uniform 
convergence means that for all sufficiently large indices # and for all x, the 
curve representing s(x) and the curve representing s,(x) are less than < apart, 
where < is any preassigned number, so that the two curves are uniformly? 
close (see Fig. 6). 

Not every series which converges on an interval [a, 6] converges uniformly 
there. The following is a very useful and simple test for the uniform con- 
vergence of a series of functions (Weierstrass’ M-test): 


—_— a 


3 J.e., for all x in [a, 6d]. 
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If the series of positive numbers 
M, + M,+---+M, +--+: 
converges and if for any x in the interval [a, b] we have | f,(x)| < My, 


from a certain k on, then the series (4.3) converges uniformly (and 
absolutely) on [a, 6}. 


FIGURE 6 


The following important theorems are valid: 


THEOREM 1. Jf the terms of the series (4.4) are continuous on [a, 6] 
and if the series is uniformly convergent on [a, b], then 

a) The sum of the series is continuous; 

b) The sum can be integrated term by term, i.e., (4.5) holds. 


THEOREM 2. If the series (4.4) converges, if its terms are differentiable 
and if the series 


FiO) + (30) +0 + FiO) +0 = D0) 


is uniformly convergent on [a, b], then 


(> filed) =s(x) = > SQ, 
A=] k=! 


i.e., the series (4.4) can be differentiated term by term.4 
5. The Basic Trigonometric System. The Orthogonality 
of Sines and Cosines 


By the basic trigonometric system we mean the system of functions 


I, cos x, sin x, cos 2x, sin 2x,..., COS WX, SIN HX,... (5.1) 


4 In Courses on analysis, it is usually assumed also that the derivatives are continuous, 
in order to simplify the proof. 
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All these functions have the common period 2z (although cos nx and 
sin nx also have the smaller period 2r/n). We now prove some auxiliary 
formulas. 


For any integer 7 # O, we have 


sIn nx] *=7 


H 


| cos nx dx 


V= —T 
(5.2) 
mT, COS NX|*=* 
sin nx dx = |- oe) = Q, 
~~ —T } Vo -7 
and 
rm ™ 1 + cos 2nx 
cos? nx dx = —_.——_ dx = 7, 
.— TT .—T7T 2 
(5.3) 
ce 7 | — cos 2nx 
sin? nx dx = | —_—_———dx = 
_-= _ 2 
Using the familiar trigonometric formulas 
cos%cos® = 4{cos («# + 8) + cos (a — §)], 
sina sinB = 4[cos (« — B) — cos(« + 8B)] 
we find that 
| cos HX cos mx dx 
vag 
=4 [cos (#7 + m)x + cos(n — m)x) dx = 0, 
JT 
(5.4) 
[ sin nx sin nx dx 
rag 
= +] [cos (n — m)x — cos (n + m)x) dx = 0 
for any integers n and m (m 4 m). Finally, using the formula 
sina cos 8 = 4[sin(a + 8) + sin( — §)], 
we find that 
| sin wx Cos mx dx 
= 4 [" {sin( + mx + sin(n — m)x] dx = 0 (5.5) 
—TT 


for any nand im. The formulas (5.2), (5.4), and (5.5) show that the integral 
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over the interval [— x, m] of the product of any two different functions of the 
system (5.1) vanishes. 

We shall agree to call two functions o(x) and (x) orthogonal> on the 
interval [a, b] if 


b 
i} o(x)U(x) dx = 0. 


With this definition, we can say that the functions of the system (5.1) are 
pairwise orthogonal on the interval [—7, 7], or more briefly, that the system 
(5.1) is orthogonal on [—7r, tr]. 

As we know, the integral of a periodic function is the same over any 
interval whose length equals the period (see Sec. 1). Therefore, the formulas 
(5.2) through (5.5) are valid not only for the interval [—7, ~] but also for any 
interval [a, a + 27], 1.e., the system (5.1) 1s orthogonal on every such interval. 


6. Fourier Series for Functions of Period 2x 


Suppose the function f(x) of period 27 has the expansion 
f(x) = > + > (a, cos kx + 6, sin kx), (6.1) 
k= 


where, to simplify the subsequent formulas, we denote the constant term by 
Qo/2. We now pose the problem of determining the coefficients ag, a, and 
b,; (k = 1,2,...) from a knowledge of f(x). To do this, we make the 
following assumption: It is assumed that the series (6.1), and the series to be 
written presently, can be integrated term by term, 1.e., it is assumed that for 
all these series the integral of the sum equals the sum of the integrals. [It 1s 
thereby also assumed that the function f(x) is integrable.] Then, integrating 
(6.1) from —z to m, we obtain 


Qo 


ia fx) dx = > ie dx + S @ [’ coskx dx + 6b, [" sin kx dx) 
—-—T —-T k=] —-T . Tt 


By (5.2), all the integrals in the sum vanish, so that 


| . f(x) dx = nao. (6.2) 


Next, we multiply both sides of (6.1) by cos #x and integrate the result 
from —7 to nm, as before, obtaining 


~—- 


>In geometry, the word orthogonality connotes perpendicularity. One must not think 
that the concept of orthogonality of two functions corresponds to anything like perpendi- 
cularity of their graphs, despite the fact that this concept is related to a suitably generalized 
notion of perpendicularity. In this regard, see Ch. 2, Sec. 10. 
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TT ag wv 
| f(x) cos nx dx = > | cos nx dx 
-—7 


—-T 


‘6 @) 
req 
+ > (ai f cos kx cos nx dx 
k=1 7% 


+ by, iZ sin kx cos nx dx), 
By (5.2), the first integral on the right vanishes. Since the functions of the 
system (5.1) are pairwise orthogonal, all the integrals in the sum also vanish, 
except one. The only integral that remains is the coefficient of a,,: 
iz cos* wx dx = 

[see (5.3)]. Thus we have 

[° fe0 cos nx dx = a,n. (6.3) 
Similarly, we find that 

[- f(x) sin nx dx = b,n. (6.4) 


It follows from (6.2) to (6.4) that 


] rz 
ay = = [° £09) cos nx dx (n = 0,1, 2,...), 


(6.5) 
b,, --{" f(x) sin nx dx (1 = 1,2,...). 


Thus, finally, if f(x) is integrable and can be expanded in a trigonometric 
series, and if this series and the series obtained from it by multiplying by 
cos nx and sinnx (n = 1, 2,...) can be integrated term by term, then the 
coefficients a, and 5, are given by the formulas (6.5). 

Now, suppose we are given an integrable function f(x) of period 27, and 
we wish to represent f(x) as the sum of a trigonometric series. If such a 
representation is possible at all (and if the requirement of term by term 
integrability is satisfied), then by what has been said, the coefficients a,, and 
5, must be given by (6.5). Therefore, in looking for a trigonometric series 
whose sum is a given function /(x), it is natural to examine first the series 
whose coefficients are given by (6.5), and to see whether this series has the 
required properties. As we shall see later, this will be the case for a large 
class of functions. 

The coefficients a, and b, calculated by the formulas (6.5) are called the 
Fourier coefficients of the function f(x), and the trigonometric series with 
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these coefficients is called the Fourier series of f(x). Incidentally, we note 
that the formulas (6.5) involve integrating a function of period 27x. There- 
fore, the interval of integration [—7, 7] can be replaced by any other interval 
of length 27 (see Sec. 1), so that together with the formulas (6.5), we have 


| faten 
a, = ~ | f(x) cos nx dx (17 = 0,1, 2,...), 
ma (6.6) 
| fat+2rn 
b, = - | f(x) sin nx dx (n= 1,2,...). 
TU Ya 
The above considerations make it natural to devote special attention to 
Fourier series. It we form the Fourier series of a function f(x) without 


deciding in advance whether it converges to f(x), we write 


f(x) ~ a + > (a, cos nx + 6, sin nx). 
n= 1 
This notation means only that the Fourier series written on the right corre- 
sponds to the function f(x). The sign ~ can be replaced by the sign = only 
if we succeed in proving that the series converges and that its sum equals 
f(x). Asimple consequence of these considerations is the following theorem, 
which 1s quite useful: 


THEOREM |. Jf a function f(x) of period 2% can be expanded in a 
trigonometric series Which converges uniformly on the whole real axis,® 
then this series is the Fourier series of f(x). 


Proof. Suppose that f(x) satisfies (6.1), where the series is uni- 
formly convergent. By Theorem 1 of Sec. 4, f(x) is continuous and 
term by term integration of the series is possible. This gives the 
formula (6.2). Next, we consider the equality 


a 
f(x) cos nx = 5 COS HX 


0O 


+ > (a; coskx cosux + b, sin kx cosux), (6.7) 
k=! 


and show that the series on the right is uniformly convergent. Set 


Mt 


a . 
S»(X) = > + > (a; cos kx + 6b; sin kx), 
k=l. 


and let « be an arbitrary positive number. If the series (6.1) converges 
uniformly, then there exists a number N such that 


| f(x) — Sm(X)| <e 


© By the periodicity of f(x) we can require uniform convergence on [—7x, 7], rather than 
on the whole real axis. 


— 
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for all 11 > N. The product s,,(v) cos x is obviously the th partial 
sum of the series (6.7). Then, the inequality 


| f(x) cos nx — 5,,(x) cos nx| = | f(x) — 5,,(x)| |cos nx| < ¢, 


which holds for all m > N, implies the uniform convergence of the 
Series (6.7). It follows that this series can be integrated term by term, 
and the result of the integration is the formula (6.3). Similarly, we 
prove the formula (6.4). Thus, finally, the formulas (6.5) hold for the 
coefficients a,, and 6,, which means that (6.1) is the Fourier series of 


F(X). 


The modern theory of Fourier series allows us to prove the following 
more general result, whose proof we cannot give because of its complexity: 


THEOREM 2. Jf an absolutely integrable function f(x) of period 2 
can be expanded in a trigononietric series which converges to f(x) every- 
where, except possibly at a finite nuniber of points (within one period), 
then this series is the Fourier series of f(x). 


This theorem confirms the assertion made above, that in looking for a 
trigonometric series which has a given function f(x) as its sum, we should 
first consider the Fourier series of f(x). 


7. Fourier Series for Functions Defined on an Interval of Length 2x 


A problem which arises quite often in the applications is that of expanding 
a function f(x) in trigonometric series, when f(x) is defined only on the interval 
[—z, 7]. In this case, nothing at all ts said about the periodicity of f(x). 
Nevertheless, this does not prevent us from writing the Fourier series of 
f(x), since the formulas (6.5) involve only the interval [—7z, 7]. Moreover, 
f(x) can be extended by periodicity from [—7z, 7] onto the whole x-axis. 
This leads to a periodic function which coincides with f(x) on [—7, x] and 
which has a Fourier series identical with that of f(x). In fact, if the Fourier 
series of f(x) turns out to converge to f(x), then, since it 1s a periodic function, 
the sum of this Fourier series automatically gives us the required periodic 
extension of f(x) from [—7z, z] onto the whole x-axis. 

Thus, it does not matter whether we talk about the Fourier series of a 
function defined on [—7z, z], or whether we talk about the Fourier series of 
the function obtained from f(x) by periodic extension along the x-axis. 
This implies that it is sufficient to formulate the tests for convergence of 
Fourier series for the case of periodic functions. 

In connection with the problem of extending f(x) by periodicity from the 
interval [—7, z] onto the whole x-axis, the following remarks are in order: 
If f(—7) = f(x), there is no difficulty in making the extension, since in this 
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case, if f(x) 1s continuous on [—7, 7], 1ts extension will be continuous on the 
whole x-axis [see Fig. 7(a)]. However, if f(—7) 4 f(t), we cannot accom- 
plish the required extension without changing the values of f(—7) and /(7), 
since the periodicity requires that f(—7) and f(7) coincide. This difficulty 
can be avoided in two ways: (1) We can completely avoid considering the 
values of f(x) at x = —mand x = 7m, thereby making the function undefined 
at these points and hence making the periodic extension of f(x) undefined at 
the points x = (2k + l)n, k = 0, +1, +2,...; (2) We can suitably modify 
the values of the function f(x) at x = —7m and x = 7 by making these values 
equal. It is important to note that in both cases, the Fourier coefficients 
will have the same values as before, since changing the values of a function at 
a finite number of points, or even failing to define it at a finite number of 
points, cannot affect the value of an integral, in particular, the values of the 
integrals (6.5) defining the Fourier coefficients. Thus, whether or not we 
carry out the indicated modification of the function f(x), its Fourier series 
remains unchanged. 


FIGURE 7 


It should be observed that if f/(—7x) 4 f(x) and if f(x) 1s continuous on 
the interval [—7, 7], then the periodic extension of f(x) onto the whole 
x-axis will have discontinuities at all the points x = (2k + 1)x, k = 0, +1, 
+2,..., no matter how we change the values of the function at x = —7m and 
x = 7 [see Fig. 7(b)]. The problem of finding the values to which the 
Fourier series of f(x) may be expected to converge at x = +7, when 
/(—n) # f(x), 1s a special one, and will be solved later. 

Finally, suppose that f(x) is defined on an arbitrary interval {a, a + 21] of 
length 2x, and that it 1s required to expand f(x) in a trigonometric series. 
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As before, we arrive at the conclusion that it does not matter whether we talk 
about the Fourier series of f(x) or about the Fourier series of the function 
obtained from f(x) by extending it periodically onto the whole x-axis. If 
(x) 1s continuous on the interval [a,a + 27] but f(a) 4 f(a + 2), we 
obtain an extension which is discontinuous at the points x = a + 2kn 
(kA = 0, +1, +2,...). 


8. Right-Hand and Left-Hand Limits. Jump Discontinuities 


We introduce the notation 


lim f(x) = f(% — 9), lim f(x) = f(xo + 9), 


vex x>X0 
provided these limits exist and are finite.’ The first of these limits is called 
the left-hand limit of f(x) at the point x9, and the second 1s called the right- 
hand limit of f(x) at x9. These limits both exist at points of continuity (by 
the very definition of continuity), and we have 


f(xo — 0) = f(Xo) = f(%o + 9) (8.1) 


at continuity points. 

If x9 is a point of discontinuity of the function f(x), then the right-hand 
and left-hand limits (either or both of them) may exist in some cases and fail 
to exist in others. If both limits exist, we say that the point xg 1s a point of 
discontinuity of the first kind, or simply, a point of jump discontinuity. If 
at least one of these limits does not exist, then the point xo 1s called a point 
of discontinuity of the second kind. We shall be particularly interested in 
jump discontinuities. If xp is such a point, then the quantity 


d = f(Xo + 0) — f(%o — 9) (8.2) 


is called the jump of the function f(x) at xo. 
The following example illustrates this situation. Suppose that 


—x3 for x<l, 
f(x) =< O- for x =1, (8.3) 
Vx for x > 1, 


with the graph shown in Fig. 8. The value of the function at x = 1 Is 
indicated by the little circle. At x = 1, the left-hand and right-hand limits 
are obviously 


fa—-0)=-1, fd+o0)=1. 


7 If xo = 0, we do not write f(0 + 0) and f(O0 — 0), but simply f(+ 0) and f(—0). 
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Therefore, the jump of the function at x = I 1s 
6 = fil + 0) — fd — 0) = 2, 


which is in complete agreement with the intuitive idea of a jump (see Fig. 8). 


FIGURE 8 


If f(x) is a function which is continuous on the interval [—7z, z], then if 
}(—x) 4 f(x), jump discontinuities appear in making the periodic extension 
of f(x) from [—7, z] onto the whole x-axis [see Fig. 7(b)], and all the jump 
discontinuities are equal to the number 


8 = f(—z) — f(r). 


9. Smooth and Piecewise Smooth Functions 


The function f(x) 1s said to be smooth on the interval [a, 5] if it has a 
continuous derivative on [a, 6]. In geometrical language, this means that the 
direction of the tangent changes continuously, without jumps, as 1t moves 
along the curve y = f(x) [see Fig. 9(a)]. Thus, the graph of a smooth 
function is a smooth curve without any “‘corners.’’® 

The function f(x) 1s said to be piecewise smooth on the interval [a, 5] if 
either f(x) and its derivative are both continuous on [a, b], or they have only 
a finite number of jump discontinuities on [a, b]. It is easy to see that the 
graph of a piecewise smooth function is either a continuous curve or a dis- 
continuous curve which can have a finite number of corners (at which the 
derivative has jumps). As we approach any discontinuity or corner (from 
one side or the other), the direction of the tangent approaches a definite 
limiting position, since the derivative can have only jump discontinuities. 


8 “*Corner”’ = Russian “‘yrsiopast TOUKAa,” a point at which the curve has two distinct 
tangents. (Translator) 
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Figures 9(b) and 9(c) illustrate the graphs of continuous and discon- 
tinuous piecewise smooth functions. From now on, we shall regard smooth 
functions as a special case of piecewise smooth functions. 


yi f(x) yif(x) 


(a) (b) 


FIGURE 9 


A continuous or discontinuous function f(x) which is defined on the whole 
x-axis, 1s said to be piecewise smooth if it is piecewise smooth on every 
interval of finite length. In particular, this concept applies to periodic 
functions. Every piecewise smooth function f(x) [whether continuous or 
discontinuous] 1s bounded and has a bounded derivative everywhere, except 
at its corners and points of discontinuity [at all these points, /’(x) does not 
exist]. 


10. A Criterion for the Convergence of Fourier Series 


We now give a more useful criterion for the convergence of a Fourier 
series, deferring the proof of this criterion until Ch. 3: 


The Fourier series of a piecewise smooth (continuous or discontinuous) 
function f(x) of period 2x converges for all values of x. The sum of the 
series equals f(x) at every point of continuity and equals the nuniber 


2 (f(x + 9) + Se — 9D), 


the arithmetic mean of the right-hand and left-hand limits, at every point of 
discontinuity (see Fig. 10). If f(x) is continuous everywhere, then the 
series converges absolutely and uniformly, 
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Suppose the function f(x) is defined only on [—7z, zx], and is piecewise 
smooth on the interval [—7z, 7] and continuous at its end points. As noted 
in Sec. 7, the Fourier series of f(x) coincides with the Fourier series of the 


FIGURE 10 


function which is the periodic extension of f(x) onto the whole x-axis. But 
in this case, such an extension obviously leads to a function f(x) which 1s 
plecewise smooth on the whole x-axis. Therefore, the criterion just formu- 
lated implies that the Fourier series of f(x) will converge everywhere. In 
particular, the series will converge on the original interval [—z, 7]. In fact, 
for —m < x < 7m, the series will converge to f(x) at the points of continuity 
and to the value 


2 [f(x + 0) + f(x — 9)] 


at the points of discontinuity. But what will happen at the end points of the 
interval [—7, 7]? 
At the end points, two cases are possible: 


1) f(—7z) = f(t). In this case, the periodic extension obviously leads to 
a function which is continuous at the points +7 [and also at all the 
points x = (2k + 1)n, k =0, +1, +2,...]. Therefore, by our 
criterion, the Fourier series will also converge to f(x) at the end points 
of [—7, 7]. 

2) f(—zx) # f(x). In this case, the periodic extension leads to a function 
which 1s discontinuous at the points +7 [and also at the points x = 
Qk + 1)n, k = 0, +1, +2,...], where for the extension of f(x) we 
obviously have 


f(-r-O=f(x), f(-x + 0) = f(—2), 
fx+0=f(—z), f(x — 9) =f) 


(see Fig. 11). Therefore, at x = —x, and x = zm, the Fourier series 
will converge to the values 


f(-x + 0) + f(—zx — 0) 
2 ‘| _ fl=7) +f@) 
f(x + 0) + f(x — 0) 2 
2 
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Thus, the Fourier series of a function f(x) defined on the interval [—7x, =] 
and continuous at x = +7 behaves at the points x = +7 just as it does at 
the other points of continuity, provided that f(—7) = f(x). However, if 


5 “Tr 6 _- 
Ni Q 1 317 517 


FIGURE I1 


f(—nz) # f(x), the series obviously cannot converge to f(x) at x = 7, and in 
this case, it 1s meaningful to pose the problem of expanding f(x) in Fourier 
series only for —x < x < x and not for -—x < x < x. A similar remark 
can be made concerning the Fourier series of a function specified in an interval 
of the type [a, a + 27], where a 1s any number. 

In solving any concrete problem, if the reader draws a graph of the 
periodic extension of the function (this 1s always recommended!) and bears 
in mind the criterion just formulated, then the nature of the behavior of 
the Fourier series at the end points of the interval will be immediately 
apparent. 


il. Even and Odd Functions 


Let the function f(x), defined either on the whole x-axis or on some 
interval, be symmetric with respect to the origin of coordinates. We say 
that f(x) is an even function if 


t(—x) = f(x) 


for every x. This definition implies that the graph of any even function 
y = f(x) 1s symmetric with respect to the y-axis [see Fig. 12(a)]. It follows 


(a) (b) 


FIGURE 12 


22 TRIGONOMETRIC FOURIER SERIES CHAP. 1 


from the interpretation of the integral as an area that for even functions we 
have 


l l 
[£0 dx = 2] £0) dx (11.1) 


for any /, provided that f(x) is defined and integrable on the interval [—/, /]. 
We say that the function f(x) is odd if 


I(-—x) = —f0) 
for every x. In particular, for an odd function we have 
f(-9) = —f(), 


so that f(0) = 0. The graph of any odd function y = f(x) is symmetric with 
respect to the point O [see Fig. 12(b)]. For odd functions 


[£0 dx = 0 (11.2) 


for any /, provided that f(x) is defined and integrable on the interval [—/, /]. 
The following properties are simple consequences of the definition of even 
and odd functions: 


(a) The product of two even or odd functions is an even function; 
(b) The production of an even and an odd function is an odd function. 


In fact, if p(x) and U(x) are even functions, then for f(x) = o(x)U(x), we 
have 


I(—x) = 9(—x)h(— x) = e@)¥O@) = SO), 
while if o(x) and U(x) are odd, we have 
(—x) = o(—x)b(— x) = [-e@)][-¥@)] = 9@)bQ) = SQ). 


This proves Property (a). On the other hand, if 9(x) is even and U(x) 1s 
odd, then 


K(—x) = 9(—x)b(— x) = e@)[-9OO] = -—9Q@)b) = —SQ), 
which proves Property (b). 


12. Cosine and Sine Series 


Let f(x) be an even function defined on the interval [—7, 7], or else an 
even periodic function. Since cos x (7 = 0,1, 2,...) 1s obviously an even 
function, then by Property (a) of Sec. 11 the function f(x) cos x is also even. 
On the other hand, the function sinwx (1 = 1, 2,...) is odd, so that the 
function f(x) sinnx is also odd, by Property (b) of Sec. 11. Then, using 
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(6.5), (11.1) and (11.2), we find that the Fourier coefficients of the even 
function f(x) are 


] rz ofr 
an = = [ T(x) cos nx dx = “| T(x) cos nx dx (7 = 0,1, 2,...), 


(12.1) 


lz , 
b,, = [- f(x) sin nx dx = 0 (7 = 1,2,...). 


Therefore, the Fourier series of an even function contains only cosines, i.e., 


ao — 
f(x) 5 + 2,4 COS NX, 


where the coefficients a, are given by the formula (12.1). 

Now, let f(x) be an odd function, defined on the interval [—7, 7], or else 
an odd periodic function. Sincecosnx (n = 0, 1, 2,...)isaneven function, 
the function f(x) cos nx 1s odd, by Property (b) of Sec. 11, and since sin nx 
(n = 1,2,...) 1s odd, the function f(x) sin nx 1s even, by Property (a) of 
Sec. Il. Then, using (6.5), (11.1), and (11.2), we find that the Fourier 
coefficients of the odd function f(x) are 


a, = “f° f(x) cos nx dx = 0 (n = 0,1, 2,...), 

(12.2) 
b, = I {" f(x) sin nx dx = =f f(x) sin nx dx (n= 1,2 ) 
n =r] = |, ,2,..-). 


Therefore, the Fourier series of an odd function contains only sines, 1.e., 


f(x) ~ > b,, sin nx, 
n=] 


where the coefficients 5, are given by the formula (12.2). Since the Fourier 
series of an odd function contains only sines, it obviously vanishes for 
x = —n, x = 0, and x = x (and in general for x = kz), regardless of the 
values of f(x) at these points. 

A problem which often arises is that of making an expansion in cosine 
Series or sine series of an absolutely integrable function f(x) defined on the 
interval [0,7]. To expand f(x) in cosine series, we can reason as follows: 
Make the even extension of f(x) from the interval [0, x] onto the interval 
[—7z, 0] [see Fig. 13(a)]. Then all the previous considerations apply to the 
even extension of f(x), so that its Fourier coefficients can be calculated by the 
formulas 


a, = = [* 0) cos nx dx (n = 0,1,2,...), 
aed (12.3) 
b, = 0 (n= 1,2,...), 
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which involve only the values of f(x) in the interval [0,7]. Therefore, for 
computational purposes, there is no need to actually make the even extension 
of f(x) from [0, x] onto [—7z, O]. 


FIGURE 13 


To expand f(x) in sine series, we first make the odd extension of f(x) 
from the interval [0, 7] onto the interval [—7, 0] [see Fig. 13(b)]. In doing 
so, the oddness requires that we set f(0) = 0. Then, the previous considera- 
tions again apply to the odd extension of f(x), so that its Fourier coefficients 
are given by the formulas 


a, = O (n = 0,1, 2,...), 
(12.4) 


2 (7 . 
b, = = | F(x) sin nx dx (n= 1,2,...), 


which involve only the values of f(x) in the interval [0,7]. Therefore, as in 
the case of cosine series, there is no need to actually make the odd extension 
of f(x) from [0, 7] onto [—7, O]. 

However, in order to avoid mistakes in using the convergence criterion of 
Sec. 10, it 1s still recommended that a sketch be made of the function f(x) 
and its even (or odd) extension onto the interval [—7, 0], as well as of its 
periodic extension (with period 27) onto the whole x-axis. This sketch will 
help in investigating the behavior of the “‘extended”’ function, which is the 
function to which the convergence criterion has to be applied. 


13. Examples of Expansions in Fourier Series 


Example 1. Expand f(x) = x* (—m < x < 1) in Fourier series. The 
function f(x) is even; the graph of f(x) together with its periodic extension is 
shown in Fig. 14. The extended function is continuous and piecewise 
smooth. Therefore, by the criterion of Sec. 10, its Fourier series converges 
to f(x) = x? everywhere in [—7, zt], and converges to the periodic extension 
of f(x) outside [—7, x]. Moreover, the convergence is absolute and uniform. 
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JM 


FIGURE 14 


A calculation shows that 


2 [7 2[x3}-* Qn? 
=  -_ 2 == — — 
ay = — \ x2 dx - | | 


x=0 3 


Furthermore, integrating by parts, we find that 


2% 4 (7, 
a, == | x2 cos nx dx = -—| x sin nx dx 
Tt Jo mn Jo 


=T 


4 x= 7 
= —,; [x cos nx} — | cos nx dx 
TH x=0 


tn Jo 


4 4 
= 2 cO8 Ne = (—1) ye 


while 5, = 0 (n = 1, 2,...), since f(x) iseven. Therefore,for -—m <x < 7m, 
we have 
2 


xt = 5 — 4 (cos x 


cos 2x . cos 3x 
72 + 32 -.--}- (13.1) 
Example 2. Expand f(x) = |x| (-—™ < x <7) in Fourier series. The 
function f(x) is even; Fig. 15 shows the graph of f(x) together with its periodic 
extension. The extended function is continuous and piecewise smooth, so 


FIGURE 15 
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that the criterion of Sec. 10 is applicable. Therefore, its Fourier series 
converges to f(x) = |x| everywhere in [—7, 7] and converges to the periodic 
extension of f(x) outside [—7, 7]. Moreover, the convergence is absolute 
and uniform. 


Since |x| = x for x > 0, we have 
2 (% 2 [x*]*=" 
ay == | xdx =-|> = Tr, 
TT 0 7 L2 x=0 
2 (7 2 [7 . 
a, == | x cos nx dx = -=| sin nx dx 
Te JO tn JO 


2 x=T 2 , 
= —~ [cos nx = —~ [cosunx — 
THz ! | 9 THe " 


2 ; 
— a K— 1)" — 4). 
It follows that a, = 0 for even n, and that a, = —4/nn2 for oddn. Finally, 


b, = 0 (n = 1, 2,...), since f(x) is even. Thus, for —x < x < 7, we have 


x] = 5 — = (cos x + 
“ES OF 


cos 3x cos 5x 


Ot (13.2) 


Example 3. Expand f(x) = |sin x| in Fourier series. This function is 
defined for all x, and represents a continuous, piecewise smooth, even func- 
tion. Its graph is shown in Fig. 16. The criterion of Sec. 10 is applicable, 
and hence f(x) = |sin x| is everywhere equal to its Fourier series, which is 
absolutely and uniformly convergent. 


317 


FIGURE 16 


Since |sin x| = sin x for0 < x < nm, we have 


27. 4 
A=-—]| sinxdx = - 
Te JO T 
and 


27. 
A, =<| sin x cos nx dx 
Tt JO 
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ln. . 
- \ {sin (7 + 1)x — sin(# — 1)x] dx 


_—_—_—_—_—_——_———————— 


n+ | n— | 


TT 


l cos (2+ 1)x  cos(n — 2] X=T 


x=0 


(—1)"t!-] 7 (—1)""'-] (—1)"4+1 


] 
--=| n+ | n— | | = 23" p 


forn # 1, while forn = | 
ay = a {° sin x cos xX dx = 1 {° sin 2x dx = 0. 
Tt 0 Tt JO 


Moreover, 5, = 0 (7 = 1,2,...), since f(x) 1s even. Therefore, for all x 
we have 


isin x| = 2 4 fee 2x n cos 4x cos 6x a ). 
™ 3 15 35 
Example 4. Expand f(x) = x (-—m < x < x) in Fourier series. The 
function f(x) 1s odd; Fig. 17 shows the graph of f(x) together with its periodic 
extension. The extended function is piecewise smooth and discontinuous at 
the points x = (2k + I)x (k = 0, +1, +2,...). The test of Sec. 10 is 
applicable, and the Fourier series of f(x) converges to zero at the points of 


discontinuity. 


| 

| | 
37 Stn 

| | 


x 


FIGURE 17 


Since f(x) 1s odd 
a, = 0 (1 = 0,1, 2,...), 


27. 
b, = < | x sin nx dx 
Te YO 


2 xamr 2 ft 
— —[xcosnx} +— [ cos nx dx 
TH x=0 TH YO 


_ 2 _ 2 n+] 
= ~ cost = — ( ly". 
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Therefore, for —7™ < x < 7, we have 


(13.3) 


sin 2x | mae... ), 
2 3 


Example 5. Expand f(x) = 1 (0 < x < m) in sine series. Making the 
odd extension of f(x) onto the interval [—7, 0] produces a discontinuity at 
x = 0. Figure 18 shows the graph of f(x) and its odd extension, together 
with its subsequent periodic extension (with period 27) over the whole 
x-axis. The convergence criterion of Sec. 10 is applicable to this “‘extended”’ 
function. Therefore, its Fourier series converges to f(x) = 1 forO0 < x < nm. 
Outside the interval 0 < x < nm, it converges to the’ function shown in 
Fig. 18, with the sum of the series being equal to zero at the points x = kn 
(A = 0, +1, +2,...). 


x = 2(sinx — 


Since 
a, = 0 (n = Q, 1, 2, ), 
b, = al sin nx dx 
Tt JO 
2 ror 2 . 
== {[—cos nx] =~ [1 — (-—1)"], 
we have 


(13.4) 


sin3x — sin 5x 
+ ae 


| = = (sinx + 
ot ‘ 3 5 


forO0<x< 7. 


Example 6. Expand f(x) = x (0 < x < 2x) in Fourier series. This 
example bears a superficial resemblance to Example 4, but the difference is 
immediately apparent if we construct the periodic extension of f(x) (see 
Fig. 19). The criterion of Sec. 10 is applicable to this extended function. 
At the points of discontinuity, the Fourier series converges to the arithmetic 
mean of the right-hand and left-hand limits, i.e., to the value. The function 
f(x) is neither even nor odd. 
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Since 
] f2r 
a, =- x cos nx dx 
TT 0 
| X= 2T l 27 
= — [x sin nx] -—| sinnx dx = 0 (1 = 1, 2,...), 
] 2a ; 
b, = - | x sin nx dx 
TT +0 
| x=2nT ] 27% 2 
= — — [x cos nx] +—| cosnx dx = — => 
TH x=0 TH 0 Tv 
we have 
sin2x — sin 3x 
xan —2(sinx += 3 -) (13.5) 


for0 < x < 2n. 


Example 7. Expand f(x) = x2 (0 < x < 2x) in Fourier series. This 
example resembles Example !, but the graph of the periodic extension of f(x) 
immediately shows the difference (see Fig. 20). The criterion of Sec. 10 is 
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FIGURE 20 
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applicable, and at the points of discontinuity the series converges to the 
arithmetic mean of the right-hand and left-hand limits, 1.e., to the value 272. 
The function f(x) is neither even nor odd. 


since 
| 2 1 [x3]*=2" 8x2 
ao == | x2 dx = - |= = —) 
|] 2 2 fan 
a, =- | x2 cosnx dx = - — x sin nx dx 
T™ JO Th JO 
9) x=2K 2 2 4 
= —, [x cos nx] --,5 COs NX dx = — 
TH x=0 TH JO H 
] 2n . 
b, = - | x2 sin nx dx 
™ JO 
l x=27 2 Pied 
= — — [x* cos nx] + — | x cos nx dx 
Th x=0 7H JO 
An 2 er. An 
=-—- 7-5 sinnx dx = -— 
H tn JO H 
we have 
2 4r2 + alcos sin x + cos2x 7msin2x 
= — x —-7SI — ——_— 
3 2? 2 


nz nN 


COSMxX mSINNX 
+ —___ + ce 


(13.6) 


— 4r? 14 S COs NX  77SIN “) 
30 H 


n= 1 


COS AX sin HX 
+ 4 S — 4x S 


n=] n=] 


forQ0 < x < 2n. 


Example 8. Expand f(x) = Ax? + Bx + C (-—7 < x < nm), where A, B, 
and C are constants, in Fourier series. The graph of f(x) 1s a parabola. By 
periodic extension, we can obtain a continuous or a discontinuous function, 
depending on the choice of the constants A, B, and C. Figure 21 shows a 
possible extension for certain values of A, B, and C. 

We could calculate the Fourier coefficients from the appropriate formulas, 
but there is no need to do so, since we can use the expansions for the functions 
x2 and x (—7™ < x < 7), given in Examples 1 and 4. The result is 


An? hn cos HX , SIN nx 
Axt+ Bx + C=48 404445 (- 1) ~ 2B S(- 1)" —— 


n= | n=l 
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FIGURE 21 


Example 9. Expand f(x) = Ax? + Bx + C (0 < x < 2x) in Fourier 
series. Figure 22 shows the periodic extension of f(x) for a certain choice of 
the constants A, B, and C. Using the expansions of the functions x? and x 
(O < x < 27), given in Examples 6 and 7, we find that 


Axt+ Bx+ C= 94 4 Bre C+ 44 > O 


—*. WX 


n=1 


sin nx 


— (4nA — 2B) > 


forQ < x < 2n. 
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FIGURE 22 


We can use these examples to calculate the sums of some important 
trigonometric series. For example, (13.5) immediately gives 


SRB == O<x< 2n), (13.7) 


and from (13.5) and (13.6), we infer that 


a0 > > 
> — = oe ork ee (O <x< 2m). (13.8) 


n= | 


Since the terms of the series on the left do not exceed 1/2 1n absolute value, 
the series is uniformly convergent, which means that its sum Is continuous 
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for all x (see Sec. 4). Therefore, (13.8) is valid for 0 
forO < x < 2n. 


Similarly, (13.3) gives 


< x < 2x, and not just 


in HX X 
ys =5  (-"<x <n), 
] 


iM 


(13.9) 
(13.1) gives 
0 2 _ 3,2 
2 (- yi -To (—n <x <7), (13.10) 
(13.4) gives 
—sin(2n+ 1)x 
ea Se Ae 13.11 
2 2n + | gq «(O< x <7), (13.11) 
and (13.2) gives 
— cos(2n + 1)x _ 1m? — 2nx 
— —___ <x <7). 13.12 
2 On+ 12 (2n + 1)2 Q (O<x <7) ( ) 
Moreover, subtracting (13.11) from (13.7), we obtain 
—sin2nx 7 — 2x 
2 su (OSX <7), (13.13) 
and subtracting (13.2) from (13.8), we obtain 
cos 2nx _ — 6nx + 2 
<x <7). 14 
> ae me > (O<x<7) (13.14) 


These formulas also allow us to calculate the sums of some numerical 
series. For example, if we set x = 0, (13.8) and (13.10) become 


e e 9 


me ye-ta lili. _— 
12 22 


32° 
while if we set x = 7/2, (13.11) becomes 
TT 


a“ 


14. The Complex Form of a Fourier Series 


Let the function f(x) be integrable on the interval [—7x, z], and form its 
Fourier series 
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f(x) ~ = + > (a, cos nx + b, sin nx), (14.1) 
n=! 
a, = - [" fix) cosnxdx (n= 0,1,2,...), 
| (14.2) 
b, = - | f(x) sinnxdx (n= 1,2,...). 


We shall make use of Euler’s well-known formula, relating the trigonometric 
and exponential functions: 


ef? = cosm + Jsin g. 


It is an immediate consequence of this formula that 


COS ew te’ sin ew er”? 
= = —_— 
? 2 ? 21 
Therefore, we can write 
einx + ea inx 
COS AX = rr, 
cin nx = einx _ eainx _ —_ einx +. eainx 
21 2 


Substituting these expressions in (14.1), we obtain 


a0 5 a, — 1b, tnx a, + ib, “ins 
f(x) ~ > + 2 ( seins + Ae (14.3) 
If we set 
_ ao _ ay — ib, _ a), + 1b, _ 
CO= FB? Cn = on = (7 = 1, 2,...), (14.4) 


then the mth partial sum of the series (14.3), and hence of the series (14.1), 
can be written in the form 


SX) = Co + > (Crem + ce) =D cyeims, (14.5) 


n=] Aa=—m 


Therefore it is natural to write 


fx)~ > cei. (14.6) 
This is the complex form of the Fourier series of f(x). The convergence of 
the series (14.6) must be understood to mean the existence of the limit as 
m--» 00 of the symmetric sums (14.5). 
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The coefficients c, given by (14.4) are called the complex Fourier co- 
efficients of the function f(x). They satisfy the relations 


I * —Inx — 
c, = — |. fide-im dx (n = 0, 1, #2,...). (14.7) 
In fact, by Euler’s formula and (14.4), we have 


= iz f(xyje7inx dx = = i f(x) cos nx dx -— i {" f(x) sin nx dx| 


— J ; — 
—_ 4(a, _ iD,) = Cy 
for positive indices and 


= iz f(xyeinx dx = -— ii f(x) cos nx dx + if f(x) sin nx ds| 


= 3(4, + 1b,) = Cy 


for negative indices. It is useful to bear in mind that if f(x) 1s real, then the 
coefficients c, and c_, are complex conjugates. This 1s an immediate 
consequence of (14.4). 

Incidentally, we note that the formula (14.7) can also be obtained directly, 
just as the formulas (14.2) were (see Sec. 6), if we assume that the sign = 
appears in (14.6) instead of the sign ~ and that term by term integration Is 
legitimate. In fact, multiplying both sides of the equality 


CO 


fo = eel 
k=— © 
by e-'"* and integrating term by term over the interval [—7, x], we obtain 
_ | 
| fQderin dx = 2ne,, (14.8) 
—T 
since for k # n (see Sec. 5) we have 
Tt 
Ch. | ei(k—-n)x dy 


= ¢;, Z [cos (k — n)x + isin (k — n)x] dx = 0. 


1.e., all the integrals on the right vanish except the one corresponding to the 
index k =n, while for k = n, we obtain the number 2rc,. The formula 
(14.7) is an immediate consequence of (14.8). 
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[5. Functions of Period 2/ 


If it 1s required to expand a function f(x) of period 2/ in Fourier series, 
we set x = /t/x, thereby obtaining the function (1) = f(/t/x) of period 2x 
(see Sec. 3). For (tf) we can form the Fourier series 


M.S : 
o(f) 5 + 2. (a,,cos nt + b,, sin nt), (15.1) 
where 
I 5 a has it 
An = = iz o(t) cos nt dt = - [ £(<) cos nt dt (1 = 0,1, 2,...), 
1 fe . i has It\ . 
b, = = iz o(t)sinatdt = - iz £(5) sin vt dt (7 = 1,2,...). 


Returning to the original variable x by setting tf = mx//, we obtain 


yr MLS THX gin THX), 
f(x) 5 +> (a cos = + 6, sin j ) (15.2) 
where 
*] - 
a, = ; | SO) cos = dx (7 = 0,1,2,...), 
(15.3) 
7 
b, = ; | LG) sin = dx (7 = 1,2,...). 


The coefficients (15.3) are still called the Fourier coefficients of f(x), and the 
series (15.2) is still called the Fourier series of f(x). If the equality holds in 
(15.1), then the equality holds in (15.2), and conversely. 

We could have constructed a theory of series of the form (15.2) directly, 
by starting from a trigonometric system of the form 


1, cos > sin ==). .., cos sin >. .., (15.4) 
/ / / / 

just as we did in the case of the basic trigonometric system (5.1). The 
system (15.4) consists of functions with the common period 2/, and it 1s easily 
verified that these functions are orthogonal on every interval of length 2/. 
The considerations of Secs. 6, 7, 10, 12, and 14 can be repeated as applied to 
the system (15.4), and the result is a formulation analogous to that given in 
these sections, except that z is replaced by /. In particular, instead of a 
function f(x) of period 2/, we can consider a function defined only on the 
interval [—/,/] [or on any other interval of length 2/, provided we appro- 
priately change the limits of integration in (15.3)].. The Fourter series of such 
a function ts identical with that of its periodic extension onto the whole 
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x-axis. The convergence criterion of Sec. 10 continues to “‘work,”’ if we 
replace the period 27 by the period 2/. 
If f(x) is even, the formulas (15.3) become 


2 f! THX 
a, = = |, £00) cos dx (n = 0,1,2,...), 


(15.5) 
b, = 0 (n= 1,2,...), 
while if f(x) is odd, they become 
a, = 0 (n = 0,1,2,...) 
(15.6) 


2 . Tnx 
b, = 5 | fx) sin dx (n = 1,2,...) 


As in Sec. 12, we can use this fact to expand a function f(x) defined only on 
the interval [0, /] in cosine series or in sine series (making the even or the 
odd extension of f(x) onto the interval [—/, 0]). 

The complex form of the series (15.2) is 


+ 0 
f(x) ~ > c,einnx/1, 


where 
mt ~innx/l | 0O,+1, +2 
C= 5 |_, fermi dx (n= 0, £1, £2,...), 
or 
co = c, = Sn c_, = aS" (1 = 1,2,...). 


Example 1. Expand the function f(x), defined by 


cos == for O<x<«< - 
f(s) = 
0 for 5 <x<i/ 


in cosine series. Figure 23 shows the graph of f(x) and its even extension 
onto the interval [—/, 0], together with its subsequent periodic extension 


FIGURE 23 
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(with period 2/) onto the whole x-axis. The convergence criterion can 
obviously be applied everywhere. 
For //2 < x < 1, we have f(x) = 0, so that 


TX 2 


D fil D2 ¢lhf{2 
a9 =F fdx = 5] Cos —- dx = = 


TNX Ife TX TUX 
a, = 5 £0) cos ™ x= Ff cos — cos —— dx. 


Making the substitution 7x// = t, we obtain 


2 pr/2 1 pal 
a, = =a costcosnt dt = - I [cos G2 + 1)t + cos (n — 1)t] dt, 


whence 


" t=n/2 
ay --|™ (cos 2t + 1) dt = I ~ | + | 


2 


t=0 


— 1 fsin(@ + It , sin(@ — bys 
on boresee ns a 


(n > 1). 


Therefore, for odd n > 1 
a, = Q, 


while, for even n 


__ n[2 
(— DY, b=0 (n= 1,2...). 


Qn =~ Fn? — D 
Thus we have 
30 cos = for O<x« f 
I + 1 os — 2 (71 I)" cos ARN ? 
ct 2 / tw <<“ 4n2 — J = ] 
n= 0 for 5 <x </ 


This series converges on the whole x-axis to the function shown in Fig. 23. 


Example 2. Expand the function f(x), defined by 


x for O< x< 


! 
9’ 
fx) = 
/—x for ~<«<x <li, 
2 
in sine series. Figure 24 shows the graph of f(x) and its odd extension onto 


the interval [—/, 0], together with its subsequent periodic extension (with 
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period 2/) onto the whole x-axis. The convergence criterion can be applied 


everywhere. 


FIGURE 24 


In this case, we have 
a, = 0 (n = 0,1, 2,...), 


RMX 
ax 


b,, 


= | f(a) sin ™ 


12 * 
ZAP x sin ae + 3 f= aysin de (= 1,2...) 


Setting 7x// = t, we obtain 


2! 2/1 fz 
b,, = 3 {" tsinntdt + = [" (<7 — t)sinat dt 
2/ | t COS a 21) pal 
=-—s]|]- + — cos nt dt 
71 i 1=0 271 JO 
_ t=n x 
+ as E (= = 1) cos nt “ — = cos nt at 
TC ai t=r/2 TAH Jr 
4] sin TH 
Tt2n2 2 
Therefore 
x for O<x<«< U 
AU (sin — te sin 3% 4B sin —...) Oo 2 
ne? p 320 52 SIN i) = / 
/—x for 5 <x<l/ 


~ 


This series converges on the whole x-axis to the function shown in Fig. 24. 


PROBLEMS 
1. Expand the following functions in Fourier series: 


a) f(x) = e@% (—K < x < mn), where a ¥ O is a constant: 
b) f(x) = cosax (—x < x < nm), where a is not an integer: 
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c) f(x) = sinax (—r < x < 7), where a is not an integer: 


,_ fO for -xn<x<0O, 
q) fo) = 1 for O<x< 7. 


2. Using the expansion of Prob. 1b, show that 


a ! 
sin Z z* 2, (“ly j—- + 


I << 
cotz=-+ ———]> 
Z 2, - — AT r z+ = 
where z is any number which is not a multiple of zx. 


3. Using the expansion of Prob. la, expand the following functions in Fourier 
series: 


a) The hyperbolic cosine 


eax + eax 


cosh x = ——>— (-—rn <x < xz); 
b) The hyperbolic sine 
sinh x = —“— (—m <x < zn). 


4. Expand the following functions in Fourier cosine series: 


a) f(x) = sinax (0 < x < zx), where a is not an integer; 


l for O<x<<A, 
b) 0) = {g for h<x <7; 


x 
_ = <x< 
c) f(x) = : 2h for O< x 2h, 
0 for 2h<x<n. 


5. Expand the following functions in Fourier sine series: 


_ 7X | 
sin— for Osx <= 


| 2 
a) f(x) = / 
(0) for ~-<x</; 
2 
TX | 
sin —- for O<x < 5 
b) f(x) = oy 
— sin = for 5 <x </ 


6. Expand the periodic function 


f(x) = 


COs = / = const,/ > 0 


in Fourier series. 


7. Let f(x) have period 2x and let | f(x) — f(Q)| < clx — y|*, for some constants 
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c > 0,a > 0, and for all x and y._ [If f(x) obeys this inequality, it is said to 
satisfy a Holder (or Lipschitz) condition of order «.) Show that 
CT cTe* 
—> <—_> 
la,| < _ n= | nl n@ 


where a, and b,, are the Fourier coefficients of f(x). 


8. Expand the following functions in Fourier sine series: 


a) f(x) = cosx (O<x <7); 
b) f(x) = x? (O< x < nx). 


9, Let f(x) be a function of period 27 defined for —7 < x <x. Let f(x) have 
the Fourier series 


CO 
Qa e 
Oo > (a, cos nx + 6, sin nx), 


2 n=1 
and let 
+- — —_— 
fi) = LAAICY, py -LO=SEY 
Show that f(x) is an even function and f,(x) an odd function, with Fourier 
series 


CO 
— + S A, COS NX, > 5,, sin nx, 


n=1 n=1 


respectively. Show that the function f(x — 7) has the Fourier series 


Qo = n : 
> + > (—1)"(a, cos nx + 6, sin nx). 


n=] 


10. Sum the series 


a) > sin me. b) S (— 1)" sin NX . 


n 


n=] n=] 
COS NX | —= 
c) > ;  d) > (— 1)" = 
n= n= 


by using Example 8 of Sec. 13 and the results of the preceding problem. 


11. Find the sum of each of the following numerical series by evaluating at a 
Suitable point a Fourier series given in the text or in the problems: 


] | ] 
) aaa) agt 2. ae 


| — sin nh | — (sin nh\? 
°) eS nh ° ¢) 5+ > (AF) 


n=1 


12. Show that the Fourier series for the function f(x) = x on the interval 
—t < x < nm does not converge uniformly, but that the Fourier series for the 
function f(x) = x2 does converge uniformly. Find the Fourier series for 
S(x) = x* by integrating the Fourier series for f(x) = x2 between the limits 0 
and x. 


2 


ORTHOGONAL 
SYSTEMS 


I. Definitions 


An infinite system of real functions 


PolX)s P1(%)s P2(%), « «> PulX), - - - (1.1) 


is said to be orthogonal on the interval [a, 5] if 
[ OA(X)0A(x) dx = 0 (n 4 m,n,m =0,1,2,...). (1.2) 
We shall always assume also that 
[ oX(x)dx #0 (n= 0,1,2,...). (1.3) 


The condition (1.2) says that every pair of functions of the system (1.1) is 
orthogonal (see Ch. 1, Sec. 5), while the condition (1.3) says that none of the 
functions of the system 1s identically zero. 

We have already encountered special cases of orthogonal systems, 1.e., 
the basic trigonometric system 


1, COS x, SIN X,..., COS MX, SINNX,..., (1.4) 


which is orthogonal on any interval of length 27, and the more general 
trigonometric system 


TX . TX Hm™X . ATX 15 
> SIN —,..+, COS F-, SIN, .- + (1.5) 


which is orthogonal on any interval of length 2/ (see Ch. 1, Secs. 5 and 15). 
4 


1, cos 
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1 The system (1.1) is said to be normalized if 


[° 20) dx=1 (n=0,1,2,...). 


Every orthogonal system can be normalized, i.e., one can always choose the 
constants Uo, 1,..-, U,,--- In Such a way that the system 


UoPo(x), U1 1(X), re) UnOn(X), re) 


which is obviously still orthogonal, is now also normalized. Such a system 
is said to be orthogonal. In fact, the condition 


[ee dx= wf )dx=1 (1 =0,1,2,...) 
implies that 
l 


an = 7 ae 
2 
/ | 92(x) dx 


Finally, we introduce the notation 


lo, || = LP ie ax *(x) dx (n = 0,1,2,...), 
and call this number the norm of the function 9,(x). If the system (1.1) is 


normalized, then obviously 


len] =1 (2 =0,1,2,...). 


2. Fourier Series with Respect to an Orthogonal System 


We now essentially repeat the considerations of Ch. I, Sec. 6, in a more 
general context. Let f(x) be a function defined on the interval [a, b]. Sup- 
pose that f(x) can be represented as the sum of a series involving the functions 
of the orthogonal system (1.1), 1.e., suppose that everywhere on [a, 5] 


f(x) — CoP o(X) + C19 1(X) Pb CrP nl X) prt, (2.1) 


where Co, C},...,C,,.--. are constants. To calculate these constants, we 
assume that the series 


I (x)¢,(x) — CoPolX)P,(X) + C191 (X)e,,(%) beet Cn—1Pn—(X) P(X) 
+ C25(X) + Cn41Png OX)O(X) a (2.2) 
(1 = 0,1, 2,...), 


obtained by multiplying the equations (2.1) by 9,(x), can be integrated term 
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by term over the interval [a, 5]. According to (1.2), this integration gives 


b b , 
I(x)e,(x) dx = ¢, o(x) dx Gi = 0, 1,2,...). 


Therefore we have 


b b 
| F(x) Pax) dx i f(xe,(x) dx 


Cy, = 


(Qi = 0,1,2,...). (2.3) 
a) 
l” @2(x) dx lo, |[2 


Now suppose that we are given a function f(x) defined on the interval 
[a, 5], and we wish to make a series expansion of f(x) with respect to the 
functions of the system (1.1), without knowing in advance whether or not 
such an expansion is possible. If such an expansion is actually possible 
(and if the required term by term integration is also possible), then, as we 
have just seen, we must arrive at the formulas (2.3). Therefore, in trying 
to find the required expansion of the function f(x), it is natural to first examine 
the series with coefficients given by (2.3), and see whether this series might 
turn out to converge to f(x). The coefficients given by (2.3) are called the 
Fourier coefficients of f(x) with respect to the system (1.1), and the correspond- 
ing series is called the Fourier series of f(x) with respect to the system (1.1). 
If the system (1.1) 1s normalized, then the formulas for the Fourier coefficients 
take a particularly simple form: 


c= | Sodedx)dx (1 = 0,1, 2,--.). (2.4) 


Until it has been ascertained that the Fourier series of f(x) actually 
converges to f(x), we write 


T(x) ~ Copo(X) + C19,(X) S ie CiP,(X) 4... 


However, it should be noted that even in the case where the Fourier series 
turns out to be divergent (and this actually happens sometimes), the Fourier 
series still has various remarkable properties which will be discussed below. 

If the functions of the system (1.1) are continuous, and if the series in the 
right-hand side of (2.1) is uniformly convergent, then it 1s easy to prove that 
the series (2.2) is also uniformly convergent and can therefore be integrated 
term by term (see the proof of Theorem 1 of Ch. 1, Sec. 6). This immediately 
implies the following 


THEOREM. Jf the functions of the system (1.1) are continuous and if 
the series expansion (2.1) of f(x) is uniformly convergent, then (2.1) is 
the Fourier series of f(x). 
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3. Some Simple Orthogonal Systems 


In addition to the orthogonal systems (1.4) and (1.5) just cited, we 
consider the following systems: 
J. The system 


1, cos x, cos 2x,..., COS MX,... 


is orthogonal on the interval [0,7]. In fact 


f cos nx dx = E ey =~0 (n=1,2,...), (3.1) 


n x=0 


which means that the functions cos nx and | are orthogonal. Moreover, we 
have 


rr 1 x 
| ; cos nx cos mx dx = 5 | [cos (7 + m)x + cos (n — m)x] dx 
0 


l 7 l 7 
= 5] cos (n + mx dx +5 |” cos (n — m)x dx = 0 (n # m), 


which follows from (3.1). This proves that the system I is orthogonal. 
In writing Fourier series with respect to the system I, we continue to use 
the notation introduced in Ch. 1, 1.e., we write 


a 
f(x) ~ = + a1 cos x + ay cos 2x +--+ + a, COSNX +---. 


With this notation for the Fourier coefficients, the formulas (2.3) give 


] 2 
- =- | f(x) dx, 
2 | 1-dx ™ J 
0 
and 
["f00 cos nx dx 
a, = ~—————__ (n= 1,2,...) 
. cos? nx dx 
Since 


7 7] + cos 2nx T 
2 = [EEE —_—_—_—_— = 
J" cos nx dx = |" 5 ax = 5 


we can write 


2 f7 
an = — [70 cos nx dx (n = 0,1,2,...). 
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Thus, as is to be expected, we arrive at the same formulas (12.3) as obtained 
in Ch. 1 for cosine series. 


II. The system 
sin x, sin 2x,..., SIN WX,... 


1s orthogonal on [0, x]. In fact 
7 . l a 

| sin 1x sin mx dx = =| [cos (7 — m)x — cos (n + m)x] dx = 0 
0 0 


for n # m [see (3.1)]. As in the preceding case, in writing Fourier series 
with respect to the system II, we continue to use the notation adopted 
in Ch. 1: 


T(x) ~ 6; sin x + 62 s1n 2x +---+ 6, sinnx +--- 
Then by (2.3) 


[° 709) sin nx dx 


— (7 = 1,2,...). 
| sin? nx dx 
0 


n 


Moreover, since 


i sin2 nx dx = [ ] = cos 2nx > Anx dx = 5 


we have 
b, = = [ f(x) sin nx dx (7 = 1,2,...), 
l.e., aS 1S to be expected, we arrive at the formulas (12.4) obtained in Ch. 1 
for sine series. 
WIJ. The system 
sin x, sin 3x, sin 5x,..., sin (2a + 1)x,... 


1s orthogonal on [0, x/2]. Infact, form 4 mandn,m = 0, 1, 2,..., we have 


/2 
| sin (2n + 1)x-sin (2m + 1)x dx 
0 
] (7/2 
=5 [" (cos 2(n — m)x — cos 2(n + m+ 1)x] dx 


1 E 2(n — we) x=n/2 | E 2(n + m + J) xam/2 0 


a) An—m) |r = =©602L Antmtl) duo 


The formulas (2.3) for the Fourier coefficients give 
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[#09 sin (2n + 1)x dx 
= 2 (7 = 0, 1, 2,...). 


Ch m/2 
| sin? (2n + 1)x dx 
0 


But 
m/2 n/2 1 — cos (4n + 2)x T 
2 — et =—_ ™" 9 
, sin? (2n + 1)x dx {- 5 dx 4 
and therefore 
mT (7/2 . 
Cn = 7 [" f(x) sin (2n + 1)x dx (7 = 0, 1, 2,...). (3.2) 


We now show that if f(x) is a function defined on the interval [0, z/2], 
then we can arrive at the expansion of f(x) with respect to the system III by 
Starting from the basic trigonometric system, just as in Ch. 1, Sec. 12, we 
arrived at the expansions in cosine series or sine series of a function defined 
on [0, 7] by using its even or odd extensions onto the interval [—7z, 0]. To 
do this, we have to generalize the concepts of evenness and oddness of a 
function. Thus, let f(x) be defined either on the whole x-axis or on some 
interval which is symmetric with respect to the point x = /, We shall say 
that f(x) is even with respect to x = lif 


fl -h=fU+h) 


for every /. This means that the curve y = f(x) is symmetric with respect 
to the Jine x = / (see Fig. 25). 


0 nt 


FIGURE 25 


If a function f(x) is even with respect to x = /, then obviously 


l+a l 
} f(x) dx = 2 | f(x) dx, 
“l-a l—a 


and in particular (for a = /) 


[" 00 dx = 2 ["F00 dx. (3.3) 
0 0 
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Similarly, we say that f(x) is odd with respect to x = 1 if 


f@-—h) = -—fd +h) 


for every i. This means that the curve y = f(x) is symmetric with respect to 
the point (/, 0) (see Fig. 26). Ifa function f(x) is odd with respect to x = /, 
then obviously 


*Il+a 
f(x) dx = 0, 


and in particular 


21 
| SQ) dx = 0. 


FIGURE 26 


With this interpretation of evenness and oddness, we can assert that the 
product of two even or two odd functions is even, whereas the product of an 
even function and an odd function is odd. The proofs are essentially the 
same as those given in Ch. 1, Sec. I1. 

Now let f(x) be defined on the interval [0,7/2], and make the even 
extension of f(x) onto the interval [7/2, 7] (see Fig. 27). This gives a function 


FIGURE 27 


g(x) defined on [0, xz] which coincides with f(x) on [0, 7/2]. Expand the 
function g(x) in a cosine series, which is equivalent to making the odd 
extension of g(x) onto the interval [—7, 0] (see Ch. 1, Sec. 12); the result is 


2 [7 , 
b,, = - e(x)sinnxdx (n= 1,2,...) (3.4) 
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Next, we observe that the functions of the system III are even with respect 
tox =7/2. In fact, form = 0,1, 2,..., we have 


sin (Qn + 1) (5 — h| 


sin (2n + 1) 5-cos (Qn + Ih 
— cos (2n + 1) 5-sin (Qn + Wh 
= sin (2n + 1) 5-cos (Qn + A)h 
Tv , T 
+ cos (2n + 1) 5-sin (2n + lh = sin (2n + 1) (5 + h); 
since 
cos (2n + 1) 5 = 0. 


Therefore, since the functions g(x) and sin (2n + 1)x are even with respect to 
x = 7/2, it follows from (3.3) and (3.4) that 


bona] = : .° g(x) sin Qn + 1)x dx 


=f) sin Qn + xd = 0,1,2 
=- J, f(x) sin (Qn + 1)x dx (n = 0,1, 2,...). 


On the other hand, the functions sin 2nx (nm = 1, 2,...) are odd with 
respect to x = 7/2, since 


sin 2n (5 — h| Sin 7” cos 2nh — cos mn sin 2nh 


— (sin zn cos 2nh + cos mn sin 2nh) 


re 


2 


— sin 2n ( + h) 


Therefore, the product g(x) sin 2nx (n = 1, 2,...) is odd with respect to 
x = 7/2, and hence 


2 [* . 
b,, = - [° g(x) sin 2nx dx 


ll 
>) 
an 

= 

I 
——" 
N 
ew 


Thus, finally, we have expanded the function g(x), and consequently the 
function f(x), in a sine series such that all the coefficients with even indices 
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vanish. The coefficients with odd indices are given by the formulas (3.4), 
which coincide with (3.2). 

We have gone through this rather lengthy argument in order to be able to 
apply the convergence criterion of Ch. I, Sec. 10 (which was formulated for 
functions of period 27) to the case of series expansions with respect to the 
system III. Our argument shows that this convergence criterion must be 
applied to the function obtained from f(x) by first making an even extension 
of f(x) onto [x/2, 7], then making an odd extension of the resulting function 
onto [—7, O],! and finally extending the result periodically (with period 27) 
onto the whole real axis. 

IV, V. The systems 


TX 2X nNTX 
1, cos > COs Pots COS TT 
and 
. 7X . QWrX . NATMX 
sin—-, sin ores sin Toe 


are orthogonal on the interval [0,/]. In fact, if we make the substitution 
twx// = t, the integrals of pairs of functions from each of these systems 
reduce to the corresponding integrals for the systems I and II. 


VI. The system 


sin =<, sin 37x sin ORX in (2n + rx 
77” a7 AP? i gees 
is orthogonal on the interval [0,/]. In fact, making the substitution zx/2/ = f, 
we obtain 
fo. (Qn + I)rx . (Qm + 1)rx 
sin 47 sin op dx 


27 pre . 
== [- sin (2n + 1)t-sin (2m + I)tdt = 0 (n # m), 


since everything has been reduced to the orthogonality of functions of the 
system III. For the Fourier coefficients with respect to the system VI, we 
obtain 


J . (2n + 1)rx 
"=~ "T(n + lynx, 1407 2] . 
{. sin a dx 


If we want to expand a function f(x) defined on [0, /] in a Fourier series 


— — ee 


| Figure 27 shows the graph of y = f(x) together with the indicated twofold extension. 
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with respect to the system VI, we first make the substitution xx/2/ = ¢. 
This reduces the problem to expanding the function o(f) = f(2/t/x), defined 
on [0, 7/2], with respect to the system III. Then, we return to the required 
expansion with respect to the system VI by transforming back to the variable 
x. It follows that we can apply the convergence criterion of Ch. 1, Sec. 10 
to expansions with respect to the system VI (which are quite often encountered 
in the applications), since the criterion 1s applicable to the system II]. 

Later, we shall deal with orthogonal systems consisting of functions which 
are more complicated than trigonometric functions (e.g., Bessel functions). 


4. Square Integrable Functions. The Schwarz Inequality 


We shall say that the function f(x) defined on the interval [a, 5] 1s square 
integrable if f(x) and its square are integrable on [a,b]. Every bounded 
integrable function must be square integrable, but this is not always the case 
for unbounded integrable functions. For example, the integral 


1 d 
Vz 


exists, but the integral 


does not exist. 
Let o(x) and U(x) be square integrable functions defined on [a, b]. First 
we note that it follows from the elementary inequality 


lpy| < ze? + ¥?) 
that the function || is integrable.2 Now consider the inequality 


[@ + AY)? dx = [ @ dx + 2» J od dx + 22 [vax > 0, 


which holds for an arbitrary constant A, and set 


b b b 
| 02 dx = A, | ov dx = B, | b2dx = C. 
Qa Qa a 
Then 
A + 2B + Ch2 = 0 
2 Incidentally, this implies that a square integrable function is always absolutely 


integrable. (As we have seen, the converse is not always true.) To see this, it is sufficient 
to set U(x) = I. 
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for any A. Therefore, the graph of the polynomial 
u = A + 2B 4+ C2 


is a parabola lying above the x-axis or perhaps touching it (see Fig. 28). 


pH 


FIGURE 28 


It follows that our polynomial cannot have distinct real zeros, since then 
the curve would intersect the x-axis in two points. Therefore, the dis- 
criminant of the polynomial must satisfy the inequality 


B2— AC < QO, 
1.€., 
B2 < AC. 
Recalling the meaning of A, B, and C, we obtain 
2 b 
(J oY dx) < [ 2 dx | 2 dx. (4.1) 


This very useful inequality is called the Schwarz inequality. 

Using the Schwarz inequality, it is easy to show that the sum of a finite 
number of square integrable functions is also a square integrable function. 
In fact, for two functions we have 


b b b b 
[ @+2dx = [erdx+2[ obadx t+ [ brdx, 
and the generalization to the sum of any number of functions 1s straight- 


forward. 


5. The Mean Square Error and its Minimum 


Let f(x) be an arbitrary square integrable function defined on the interval 
[a, bj, and let o,(x) be a linear combination of the first 7» + 1 functions of the 
system (1.1), Le., 


6,(X) = YoPolxX) + Yi9iQX) +--+ + YnPa(X), (5.1) 


3 Called the Buniakovski inequality by Russian mathematicians. (Translator) 
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where Yo, ¥1,---» Y, are constants. By hypothesis, all the functions 9,(x) 
of the system (1.1) are square integrable [see (1.3)]. Therefore, the linear 
combination o,(x) and the difference f(x) — o,(x) [n = 0,1, 2,...] are also 
Square integrable functions. 

Now consider the quantity 


5, = | LG) - oP dx, (5.2) 


which we call the mean square error in approximating f(x) by o,(x). There 
are many ways of calculating the deviation of the linear combination a,(x) 
from the function f(x); we have chosen the mean square error, which 1s 
particularly appropriate in the theory of Fourier series. 

We now pose the problem of choosing the coefficients yo, y,,..., Y, (for a 
given n) in such a way that the mean square error 4, 1S a minimum. It 
follows from (5.2) that 


3, = | fx) dx — 2 |” fla)o,(x) dx + |” 03(x) dx. (5.3) 
By (5.1) we have 
b 2 b 
J’ fdenx) dx = > ye | FOO G«(x) dx. 
a k=0 a 
But according to (2.3) 
b 
[FO )eaCx) dx = cllgell? (k= 0,1,2,-.), 
Where the c, are the Fourier coefficients of the function f(x), and therefore 
b nN 
[f0)0,0) dx = > recullall?. (5.4) 
a k=0 


Furthermore, we have 


PP oxcay dx = (> rapatan)’ ay 
a a \ ¢Zo 


b nN 
) ( >. YEPK(X) + » oP (%)] ax 
° k=0 P#Qq 


| 
M 
x 


*b b 

RY] pix) dx + > Yprq | enlxeq(x) dv. 
k=0 “ p#q “ 
The last sum extends over all possible unequal indices p and g that do not 
exceed. By the orthogonality of the system (1.1), this sum vanishes. Thus, 
we find that 
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b 4] 
[0209 dx = > Ellon. (5.5) 
a k=0 


Substituting (5.4) and (5.5) in (5.3), we obtain 


on 
I 


b i fl 
r= | fd dx -—2 > yecellecl? + > véllee? 
“a k=0 k=0 


| | 


f(x) dx + > (ce — yell? — > eBlloel2 


“a k=0 k=0 


Here 


a 


b 2 
[£200 dx = const, > c2llgx||? = const, 
a k=0 


1.e., do not depend on yo, y,,..., Y,, and therefore the quantity 5, is obviously 
a minimum when 


>, (ce — rx)? llPnll? = 0, 
k=0 


which 1s equivalent to the conditions 
Yr = Ce (A = 0,1, 2,..., 7). 


Thus, finally, the mean square error is a minimum when the coefficients in 
the linear combination (5.1) are the Fourier coefficients. Denoting the 
minimum value of the mean square error by A,, we have 


b= [ [409 - Devoxe J ax 


= [PO dx — > Alex? (5.6) 


k=0 


This expression shows that as increases, the nonnegative quantity A, can 
only decrease. Thus, as increases, the partial sums of the Fourier series give 
a closer approximation to the function f(x), |.e., an approximation with 
smaller mean square error. 


6. Bessel’s Inequality 


Since A,, > 0, it follows from (5.6) that 


b n 
[Pe dx > > chien? 


k=0 


where 1s arbitrary. The sum on the right can only increase as v increases. 
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Therefore, since it is bounded by a constant (the integral on the left), the 
sum has a finite limit as 7— co. Thus, the series 


cO 


>, celle? 


k=0 
converges and 


on 


{‘r (x)dx > Dd céllex|l?. (6.1) 


co —_— 
— 


This very important result is called Bessel’s inequality. It follows at once 
from the convergence of the series on the right that ° 


lim é,||¢,|| = 0. (6.2) 


If the system (1.1) is normalized, then Bessel’s inequality takes the form 
b a 
| fx) dx = > Ck; 
a k=0 


and therefore, the sum of the squares of the Fourier coefficients 1s convergent. 
For a normalized system, (6.2) becomes 


lim c, = 0, 


Nn—> @ 


1.e., the Fourier coefficients approach zero as n—> oo. 


7. Complete Systems. Convergence in the Mean 


The system (1.1) 1s said to be complete if for any square integrable function 
f(x), the equalitv 


oe) 


[Pode = > len 7.1) 


k=0 


holds (instead of Bessel’s inequality). Here, as above, the c, (k = 0, 1,2,...) 
are the Fourier coefficients of the function f(x). The equality (7.1) is called 
the completeness condition for the system (1.1). The following simple 
result 1s an immediate consequence of the completeness condition: 


THEOREM |. Let f(x) and F(x) be square integrable functions for which 


T(X) ~ Copel) + e914) +-°-. 
F(x) ™ CoPo(x) + C191 (x) se 


and let the system (1.1) be complete. Then we have 


16 @) 


b 
| LODE (A) ax = >, Cex lel. (7.2) 


k=0 
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- Proof. The sum f(x) + F(x) and the difference f(x) — F(x) are 
Square integrable functions. Moreover, the sum has Fourier coeffi- 
clents c, +.C, and the difference has Fourier coefficients c, — C,. 
By the completeness relation, we have 


| 


b CO 
[ LG) + FOP dx = > (cq + Cy? Wloull?, 
a k=0 


“ 


> (C, — Cy)? px |]? 
k=0 


| 


[L109 - FOP dx 


and then subtraction gives 


b OD 
4] POF) dx = > 4exCxlou 2. 
q k=0 


The following result has important consequences: 


THEOREM 2. A necessary and sufficient condition for the system 
(1.1) to be complete is that the relation 


. b n 2 
lim | | In - > cxeu()| dx = 0, (7.3) 
n—>oap *a k=0 
hold for any square integrable function f(x), where the c, (k = 0, 1, 2,...) 
are the Fourier coefficients of f(x) with respect to the system (1.1). 


Proof. Use the relation (5.6) and the fact that the completeness 
condition is equivalent to 


Ml 


lim ae dx — > cEll ox | = 0. 


hi-—> CO 


k= 


If the relation (7.3) is satisfied, we say that the Fourier series converges 
to f(x) in the mean. Therefore, Theorem 2 can also be formulated as 
follows: 


A necessary and sufficient condition for the systern (1.1) to be complete 
is that the Fourier series of any square integrable function f(x) converge 
to f(x) in the mean. 


It should be noted that ordinary convergence of a Fourier series to the 
function from which it is formed does not always occur, even if the system 
(1.1) is complete. Nevertheless, as we have just shown, convergence in the 
mean always occurs for complete systems (it 1s understood that we are 
talking about square integrable functions). In particular, these remarks 
apply to the trigonometric system (whose completeness will be proved in 
Ch. 5, Sec. 2). 
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These remarks show the importance of the concept of convergence in the 
mean and suggest that this kind of convergence be regarded as a generalization 
of ordinary convergence. To completely justify this approach, we now show 
that a Fourier series can converge in the mean to only one function (with a 
certain stipulation). Thus suppose that in addition to (7.3), the relation 


n 


lim [ Fw) 2 exon) | dx = Q, (7.4) 


?l—> © 


also holds. Then, using the elementary inequality 
(a + b)* < 2(a* + 62), 
we find that 


0< [ [F(x) — f(x)}2 dx 


-f[ro-$ 


<2 f’ FG) _ 2 expats) | dx +2 Py fo - > exons) dx. 


> cepa) + (> expats) — £09)]? ax 


=0 k=0 


By (7.3) and (7.4), this implies 
[ (FG) — SO0F dx = 0, 


and since the integrand is positive, it follows that 


F(x) = f(x) 


at the points of continuity of the integrand. But the integrand has only a 
finite number of points of discontinuity. Hence, the functions F(x) and f(x) 
coincide everywhere, except possibly at a finite number of points. Two 
such functions should hardly be considered different in the theory of Fourier 
series, since the values of a function at individual points can have no influence 
at all on the behavior of its Fourier series (since its Fourier coefficients are 
expressed in terms of integrals, and integrals do not depend on the values of 
the integrand at a finite number of points!). This allows us to draw the 
following conclusion: 


THEOREM 3. Jf the system (1.1) is complete, then every square inte- 
grable function f(x) is completely determined (except for its values at a 
finite number of points) by its Fourier series, whether or not this series 
converges. 


This means that no other function which 1s “‘essentially”’ different from 
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a given function f(x), 1.e., differs from f(x) at more than a finite number of 
points, can have the same Fourier series as f(x).4 


8. Important Properties of Complete Systems 


We now establish some very important properties of complete systems: 


THEOREM 1. /f the system (1.1) ts complete, then any continuous 
function f(x) which is orthogonal to all the functions of the system must 
be identically zero. 


Proof. If f(x) is orthogonal to all the functions of the system, then 
all the Fourier coefficients of f(x) vanish. Then the completeness 
relation (7.1) implies that 


[ Pedax = 0, 
so that 
f(x) = 9, 
since f(x) is continuous. 


THEOREM 2. If the system (1.1) is complete, if the functions of the 
system are continuous, and if the Fourier series of the continuous function 
/(x) is uniformly convergent, then the sum of the series equals f(x). 


Proof. Let 
F(X) ~ copolX) + cipi(x) +--+ + G,00) +:°°, 
and set 
S(X) = copo(x) + cipi(X) + °° + CnOr(X) +>. (8.1) 


Since the functions of the system (1.1) are continuous, and since the 
series (8.1) is uniformly convergent, the sum of the series is continuous. 
It follows from the theorem of Sec. 2 that (8.1) 1s the Fourier series of 
s(x). Therefore, the continuous functions f(x) and s(x) have the same 
Fourier series. But then Theorem 3 of Sec. 7 implies that 


I(x) = s(x), 
and by (8.1) 


F(X) = copo(X) + cipy(X) + +++ + Cr9,(x) +--+. 


— — — -- ~- 


4 It should be kept in mind that in this book integrable functions, and hence square 
integrable functions, are always assumed to be continuous except possibly at a finite 
number of points (Ch. 1, Sec. 4). Otherwise Theorem 3 would not be true. (Translator) 
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THEOREM 3. If the system (1.1) is complete, then the Fourier series of 
every square integrable function f(x) can be integrated term by term, 
whether or not the series converges. 


In other words, if 


T(x) ™~ CoPo(x) + C191 (X) se Cr Pn{X) Fees, 
then 


[°? 00) dx = eg | eo(x) ax 
1 1 (8.2) 


te | ea) dx to + Oy | gy) det, 


where x, and x» are any points of the interval [a, 5]. 


Proof. Assuming for definiteness that x, < x5, we have 


\° 

< 

x} 
n 


< [ £0) ~ > cgox(x) 


k=0 


a 


f(x) — Dd cue) 


k=0 


dx, 


[403 dx — > eg | ona) a 
xy = xy 


dx (8.3) 


where we have used the Schwarz inequality (see Sec. 4). By Theorem 2 
of Sec. 7, the last term in (8.3) approaches zero as n—> 0. Therefore, 


‘a 


> Ch \ o,(x) dx| = Q, 


k=0 ” 


lim [°° 409 dx — 
n—> 00 XJ 


which is equivalent to (8.2). 


9. A Criterion for the Completeness of a System 


In view of the importance of the concept of complete systems, it is 
appropriate to give a simple test for the completeness of a system. The 
following completeness criterion is very convenient: 


If for every continuous function F(x) on [a,b] and any number « > 0, 
there exists a linear combination 


Ow(X) = YoPolX) + YiPi(x) +++ + YnPalX) (9.1) 
for which 


[LFO) = 6,00P dx < «, 


then the system (1.1) is complete. 
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We begin by noting that given any square integrable function f(x), there 
exists a continuous function F(x) for which 


| ° T(x) — F(x)? dx < «. (9.2) 


This fact 1s quite clear geometrically, but for the reader who does not regard 
It as completely obvious, we give the following proof: 


The function f(x) can have only a finite number of points of discontinuity. 
In particular, f(x) can have only a finite number of points at which it becomes 
unbounded. Every such point can be included in an interval of such small 
length that the sum of the integrals of the function f2(x) over these intervals 
does not exceed ¢/4. Define the auxiliary function M(x) as being equal to 
f(x) outside these intervals and equal to zero inside them. (x) is bounded 
and can have only a finite number of discontinuities, and obviously 


oO 
ow 


[409 — @09P de < 5 9.3) 


Next, we include each point of discontinuity of ®(x) in an interval of such 
small length that the total length / of all these new intervals satisfies the 
condition 


E 
2) < -, 
4M?2] < A 
where M is any number such that |O(x)| < Mfora<x < b. 
Finally, consider the continuous function F(x) which equals P(x) outside 
the intervals just described and which is “‘linear”’ inside each of them (see 
Fig. 29). Obviously we have 


[ (©) — FOP dx < 4M < (9.4) 


| 


P(x) 


(boint of 


discontinuity 


FIGURE 29 
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It follows from (9.3), (9.4) and the inequality 
(a + b)? < 2(a* + 52) (9.5) 


that 


[ [ f(x) -— F(x)]* dx = [ [(S(x) — B(x) + (OX) — F(x))]? ax 


<2) Uf) — O@)P dx +2] ’ [D(x) — F(x)]2 dx < «, 


i.e., the function F(x) satisfies the condition (9.2). 


Returning to the proof of the completeness criterion, consider the linear 
combination o,(x) which satisfies the inequality (9.1). Applying the in- 
equality (9.5), we obtain 


[’U/0) = o0)P dx = [1/@) — FO) + FQ) — 6A) P dx 
b . (9.6) 
<2] Lf@) — FOP dx + 2] FQ) - 6,(0)P dx < 4e, 


where F(x) is the continuous function appearing in (9.2). We now recall 
that the linear combination whose coefficients are the Fourier coefficients 
c, gives the least mean square error (see Sec. 5). Therefore (9.6) gives 


[ f(x) — > C.0,(x)]* dx < 4¢, 


whence by (5.6) 


0< f° 72) dx - > ckllex||2 < 4e, 


which means that 


b CO 
0< | PO) dx-— > chllex|? < 4¢ 


as well. Since < is arbitrary, this gives (7.1), 1.e., the system (1.1) is complete 
as asserted. 


*10. The Vector Analogy 


Let i, j, and k be three space vectors of arbitrary length which are per- 
pendicular (orthogonal) to each other. If we want to expand a given vector r 
as a sum of the form 


r= ai + bj + ck, (10.1) 
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then the scalar coefficients a, b, c are calculated as follows: Take the scalar 
product of both sides of the equation (10.1) first with i, then with j, and 
finally with k. Then, since these vectors are orthogonal, we obtain 


(r, i) = ajil?, 


(r, j) = 4|j/?, 
(r, k) = c{k|?, 
so that 
(r, i) (r, j) (r, k) 
—_— i” b — Ti2° c= k|2 ° (10.2) 


(We use the absolute value sign to denote the length of a vector.) 

Suppose now that we know the expansion (10.1) and we want to calculate 
the length of the vector r. To do this, we take the scalar product of (10.1) 
with r.. The result is 


ir|* = a(r, i) + Or, j) + c(r, k), 
or, if we use the formula (10.2) 
rl? = ail? + B2[j]2 + c2|k|2, (10.3) 


The quantities aji|, b|j|, c|k| are the projections of the vector r on the direc- 
tions of the vectors i, j, k. Therefore, the equation (10.3) is the familiar 
relation between the square of the length of a vector and its projections on 
three orthogonal directions. If besides the vector r, we consider the vector 


R = 41 + By + Ck (10.4) 
and take the scalar product of r and R, then (10.1) and (10.4) give 
(r, R) = @Alil? + bBijl2 + cClk|. (10.5) 


The reader who has familiarized himself with the contents of this chapter 
will now immediately perceive an analogy between these vector considerations 
and our treatment of Fourier series. In fact, let us regard every square 
integrable function defined on the interval [a, b] as a generalized vector, and 
define the scalar product of two such generalized vectors by the formula 


b 
(@.) = | YQ) dx 
In particular, we have 
2 
lel? = | 9%) dx = @, 9) 


Then, we regard the orthogonal system 


P(X), P10%)s «+ «> PulX)s »- - (10.6) 


62 ORTHOGONAL SYSTEMS CHAP, 2 


as a system of orthogonal vectors, in complete agreement with our definition 
of the scalar product. If we are given a square integrable function f(x) and 
we want to represent f(x) as a series with respect to the system (10.6), 1.e., 


f(x) ~ CoPo(x) + C10 1(x) Pree CrPn(X) Fett, 


then the argument which led to the relations (10.2) leads to the relations 


Cf, Pn) 
C, = n= 0,1, 2,...), 
iol2 


which we recognize as the formulas for the Fourier coefficients [see (2.3)]. 
In fact, we have gone through precisely this derivation in Sec. 2. The 
reader will recognize that the completeness condition (7.1) is a generalization 
of the formula (10.3), and that (7.2) is a generalization of (10.5). 

We now make some remarks concerning the term “completeness.”’ 
Since any three-dimensional vector r can be represented in the form (10.1), 
1.e., aS a linear combination of the vectors i, j, k, it is natural to call the system 
consisting of these three vectors complete. However, the situation is different 
if we try to represent an arbitrary three-dimensional vector r as a linear 
combination not of three orthogonal vectors but of just two vectors, say i and 
j. Then, in general, we cannot write an equation of the form 


r= ai+ bj, 


but the coefficients obtained from the formula (10.2) obviously satisfy the 
inequality 


Ir]? > aril? + b2|j|?, (10.7) 


where the equality holds only if the vector r lies in the plane of the vectors 1 
andj. Thus, two orthogonal vectors are not sufficient to be used in this way 
to represent any space vector, and therefore we say that a system of two 
orthogonal vectors 1s incomplete. 

Similar considerations apply to the case of expansions in Fourier series. 
If the system (10.6) satisfies the condition (7.1), then the system is “‘rich 
enough in functions” to permit every square integrable function to be 
represented by its Fourier series (in the sense of mean convergence). In this 
case, we say that (10.6) is a ““complete system.” However, if the system 
(10.6) does not satisfy the condition (7.1), then we say that it is incomplete. 
It can be shown that given any incomplete system, there are always square 
integrable functions f(x), g(x),... whose Fourier series do not converge to 
F(x), g(x),... in the mean. The reader will easily recognize that Bessel’s 
inequality (7.1) 1s the analog of the inequality (10.7). 

The case of a normalized system (10.6) corresponds to the case where 
the vectors i, J, k are wait vectors. In both cases, all the formulas simplify. 
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For example, the formulas (10.2) become 


a=(r,i), 5b=(,j), c =(,k) 


(where a, 6, and c now coincide with the projections of the vector r on 
i, j, kK, respectively), while the formulas for the Fourier coefficients become 


Ch = (fF, ®,) (1 = 0, 1,2,...). 


The reader who is somewhat familiar with vectors in an #-dimensional 
Space (in which case there are ” pairwise orthogonal vectors) will find the 
analogy discussed here even more natural. However, no matter how large 
nis, the transition from # orthogonal vectors to an infinite number of 
orthogonal vectors (bear in mind that we are treating an orthogonal system 
of functions as a system of vectors) cannot be regarded as simply a quanti- 
tative change; in fact, a qualitative change in behavior occurs, since instead 
of ordinary sums, we have to deal with infinite series and convergence in the 
mean. 


PROBLEMS 


1. Give another proof of the Schwarz inequality (4.1) by considering the 
inequality 


[ {" [f(weQ) — fOr)g(x)* dx dy 2 0. 


2. Prove the inequality 
ai ) a fl 
(> ab < > ai > bi 
i=l ; 


where a; and 5b; are arbitrary real numbers. 
Comment. This result, known as the Cauchy tnequality, is the discrete 
analog of the Schwarz inequality. 


3. Let the polynomial P(x) = ay + a,x +---+ a,x" have coefficients satisfying 
the relation 


Prove that 


4. Show that if 11, m,..., n, are integers, then 


I 


m e ° 
— [1 + elmyx toe. efx] dx < Vk + l. 
2m 0 
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Comment. It has been conjectured by the English mathematician J. E. 
Littlewood that there is a constant c such that the above integral > clog k. 
This remains unproved, although the integral has been shown to be 2 c (log k)!/4. 


5. Let fand g be square integrable functions. Prove that 


If+ ell < IF + lel. 
Comment. This result ts often called the triangle inequality, since it is the 
generalization of the familiar geometrical fact that the length of any side of a 
triangle is < the sum of the lengths of the other two sides. 


6. Give an example of a sequence of functions which converges to 0 at each 
point of the interval [0, 1], but which does not converge in the mean. 


7. A system of functions (x), 9)(x),..., 9,(%),... which is not necessarily 
orthogonal is said to be complete if every square integrable function can be 
approximated in the mean by a linear combination of the 9;(x), 1.e., if given any 
square integrable function g(x) and any « > 0, there exist numbers ao, a),..., Gy, 
such that 


[ [g(x) — (ApPo(x) + a191(x) 4.2.4 a,©,(x)]? dx < €. 


Show that if the system {9;(x)} is complete, then any continuous function which 
Is orthogonal to all the functions of the system must be zero. (Cf. the corre- 
sponding result in Sec. 8 for the case of orthogonal systems.) 


8. Let 9, 9),...,9,,... be a complete orthonormal system of functions. 
For which of the following systems is there no nonzero continuous function 
orthogonal to every function in the system: 


a) Po + 91, Po + 2, Po + $3,...3 
Db) Po + 91, 91 + 92, 2 + 3,...3 
C) Go + 20), Oy + 292, 2 + 293,...? 


In Part c) we assume that the functions 9, are continuous and uniformly 
bounded, i.e., |9,(x)| < M fora < x < b. 


9. A system of functions (x), 9)(X),...,9,(x),... is said to be Jinearly 
independent if given any n, there is no set of numbers ao, a), ..., a, Which are not 
all zero such that the linear combination ap9o(x) + a,9\(x) +--+ + a,,(X) is 
identically zero. Show that 

a) An orthogonal system of functions is linearly independent; 


b) The functions |, x, x2, x3,... are linearly independent. 
10. Given a linearly independent system of functions fo, fi,...,f,,... defined 
on the interval [a, b}], we define a new system go, 2),.-., &,,.-- aS follows: 
fo = So; 
fi, £0) 
81 =fi -— 7—> 8, 
|&o ||? ° 


_ (fa, gv) _ (fo, £o) 
B2 = Si “Tae — Tez or ete. 
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[Here (/, g) denotes the scalar product of the two functions fand g, i.c., 
b 
(fe) = |" sede) dx, 
a 


as in Sec. 10.] This is the so-called Gram-Schmidt orthogonalization process. 
Interpret the process geometrically, and show that the new system £0, 2),..., 
Ln... IS orthogonal and that |g, |? 4 0. Apply the process to the functions 


lx, x2, x3,... (-1 <x <1), 


thereby generating the Legendre polynomials (except for numerical factors). 
Show that a nonzero function 1s orthogonal to all the f; if and only if it is 
orthogonal to all the g;, and show that the system {f;} is complete (see Prob. 7) 
if and only if the system {g;} 1s complete. 


11. The Legendre polynomials are defined by the formula 


] dn 


Pu) = Fan che 


(x2 — 1)", 


Show that 
Oifn A om, 


[. PAX) P(x) ax = ”) 


ao] if = 9n. 


12. Expand the following functions in Legendre polynomials: 
O for -l1<x< JQ, 


a) f(x) = {i for O<x<l; 
b) f(x) = fal. 


3 


CONVERGENCE OF 
TRIGONOMETRIC 
FOURIER SERIES 


I. A Consequence of Bessel’s Inequality 


For the basic trigonometric system 
1, cos xX, SIN X,..., COS MX, SIN NX,... (1.1) 


we have 


= [fede = VR, 
cos nx || = If co@axdx=Vnr (n= 1,2,...), 
—TT 


jsinnx| = /[* sintnxdx = Vz (n= 1,2...) 
v1 


Let f(x) be a square integrable function defined on the interval [—7z, z]. 
Then, as applied to the system (1.1), Bessel’s inequality (see Ch. 2, Sec. 6) 
becomes 


x 2 ° 
| f(x) dx > (5°) 12 + > (a; ||cos nx |]2 + b;]) sin nx |?) 


n= 


Or 


“rr ? 10 @) 
i: f(x) dx = (=) 2m + > (ai, + b2) x, 


n= 1 
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so that 


a4 2 0 
- |" poydr> @ + > (ai + bi), (1.2) 
From now on, we shall write Bessel’s inequality for the basic trigonometric 
system in this form. It will be shown later (see Ch. 5, Sec. 3) that the 
equality actually holds in (1.2). However, for our present purposes, the 
Inequality in (1.2) 1s sufficient. 
The inequality (1.2) implies the following result concerning the conver- 
gence of the series in the right-hand side: 


THEOREM. The sum of the squares of the Fourier coefficients of any 
square integrable function always converges. 


It is useful to note that this series a/ways diverges for any other kind of 
function, 1.e., for any function which is not square integrable. However, we 
shall not prove this fact. 


2. The Limit as n + © of the Trigonometric Integrals 


{" f(x) cos nx dx and [ f(x) sin nx dx 


It is an immediate consequence of the preceding theorem that 


lim a, = lim b, = 0 (2.1) 


n—> © n— 


for any square integrable function, since the general term of a convergent 
series must approach zero asn— oo. But 


] fz 
An = i f(x) cos nx dx, 


a 
ll 


1 (7 , 
=|" f@) sin nx dx, 
and therefore 
lim [" f() cosmx dx = lim |" f(x) sinnxdx =0. (2.2) 
It follows from (2.2) that 
b ° b e 
lim | f(x) cos nx dx = lim | f(x) sin nx dx = 0, (2.3) 


li-—> © 


for any interval [a,b] whatsoever. (We temporarily assume that f(x) 1s 
square integrable, although we shall drop this requirement soon.) To show 
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this, suppose first that a < b < a+ 27, 1e., b — a < 2n, and set g(x) = 
f(x) fora < x < band g(x) = 0 for b < x < a+ 2x. The function g(x) 
is obviously square integrable on the interval [a,a + 27]. We now extend 
g(x) periodically (with period 27) over the whole x-axis. Then, by a pro- 
perty of periodic functions (see Ch. 1, Sec. 1) 


at+2n rt 
[ g(x) cos nx dx = | g(x) cos nx dx, 
so that by (2.2) 


at+27 ™ 
lim | g(x) cos nx dx = lim | g(x) cos nx dx = 0. 


no * a n— 


On the other hand, it follows from the definition of the function g(x) that 
at+27 b 
2(x) cos nx dx = [ f(x) cos nx dx, 
and therefore 


lim { ° F(x) cos nx dx = 0. 

The same argument applies to the second integral in (2.3). Finally, if 
5b — a > 2n, then the interval [a, b] can be divided into a finite number of 
subintervals of length no greater than 2x, for each of which the property 
summarized by (2.3) has already been proved. But this implies that the 
property also holds for the whole interval. 

We now get rid of the requirement that f(x) be square integrable, and also 
of the requirement that » be an integer. To do this, we need two lemmas, 
which are rather obvious from a geometrical standpoint. 


LEMMA |. Let f(x) be continuous on the interval [a, b|. Then, for 
every « > Q, there exists a continuous, piecewise smooth function g(x) 
such that 


f(x) — g@)| < ¢ (2.4) 
forallx(a<x < b). 
Proof. We divide the interval [a, b] into subintervals by the points 
A=X9< xX, < xX <-:--< xX, = BD, 


and for g(x) we take the continuous function for which g(x,) = f(x;) 
(k = 0,1, 2,...,m) and which is linear on each interval [x,_,, x;] 
(K = 1,2,...,). The graph of the function y = g(x) is represented by 
a broken line with vertices on the curve y = f(x) (see Fig. 30). Ob- 
viously g(x) Is a piecewise smooth function. Since f(x) is continuous, 
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the subintervals into which [a,b] is subdivided can be chosen small 
enough to make (2.4) valid for all x in [a, 5]. 


FIGURE 30 


LEMMA 2. Let f(x) be absolutely integrable on the interval [a, 6). 
Then, for any < > Q, there exists a continuous, piecewise smooth function 
g(x) such that 


[’ [£69 = g@)| de < «, (2.5) 


Proof.! The function f(x) can have only a finite number of points 
of discontinuity, and in particular, only a finite number of points at 
which it becomes unbounded. We include every such point in an 
interval of such small length that the sum of the integrals of the function 
| f(x)| over these intervals does not exceed ¢/3. Next, define the auxi- 
liary function P(x) as being equal to f(x) outside these intervals and 
equal to zero inside them. (x) is bounded and can have only a finite 
number of discontinuities, and obviously 


[ | f(x) — D(x)| dx < (2.6) 


Wo] a 


Next, we include each point of discontinuity of M(x) in an interval of 
such small length that the total length / of all these new intervals 
satisfies the condition 


€ 
< 
2MI1 < 3 
where M is any number such that |O(x)| < M fora <x < b. 
Now, consider the continuous function F(x) which equals (x) 


| This proof is based on the same idea as the proof of the formula (9.2) of Ch. 2. 
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outside the intervals just described and which 1s “‘linear”’ inside each 
of them (see Fig. 29 of Ch. 2). Obviously we have 


€ 
) ID(x) — F(x)| dx < 2MI/1 < 3 (2.7) 


Finally, according to Lemma lI, there exists a continuous, piecewise 
smooth function g(x) for which 


FO) -8@| <a Oa < x <d), 
so that 
[ [FG) = g@d| ax < & (2.8) 
Then it follows from (2.6), (2.7), and (2.8) that 
[£09 = 8@/ dx = PIC) - O09] + [@) - FOO) 


+ LF) — gQ)]l dx < f° If) - O09] ax 


b b 
+ | |®(x) -— FO| dx + | |FQ) - gQ0| dx < «, 
as was to be shown. 


Remark. If f(x) ts an absolutely integrable periodic function, 
then g(x) can be taken to be periodic. 


THEOREM.2 For any absolutely integrable function f(x), we have 
e b ° b ° 
lim | f(x) cos mx dx = lim | f(x) sin mx dx = 0, (2.9) 


where m is not necessarily an integer. 


Proof. Let «be an arbitrarily small positive number. By Lemma 2, 
there exists a continuous, piecewise smooth function g(x) such that 


[ f(x) — g(x)| dx < 5. (2.10) 


Consider the expression 


i f(x) cos mx dx 


= [ [f(x) — g(x)] cos mx dx + [" g(x) cos mx ax 


(2.11) 


e 


b *b 
< { f(x) — g(x)| dx + | g(x) cos mx dx 


Ee 


2 This result is usually known as the Riemmann-Lebesgue lemma. (Translator) 
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Integrating by parts, we obtain 


b l x=b 
g(x) cos mx dx = - Ee sin mx} 
°a 


V=aQ 


b 
—— | g(x) sin mx dx. 
m va 


The expression in brackets and the integral on the right are obviously 


bounded. Therefore, for sufficiently large 12, we have 


b 
l g(x) cos mx dx| < 
a 


(2.12) 


om) 


By (2.10) and (2.12), it follows from (2.11) that 


b 
f(x) cos mx dx| <e 
a 


for all sufficiently large #7, 1.¢., 


*b 
lim | f(x) cos mx dx = 0. 


ni © 


The same argument applies to the second integral in (2.9), and the 
theorem ts proved. 


Recalling the formulas for the Fourier coefficients, we can phrase this 
theorem as follows: The Fourier coefficients of any absolutely integrable 
function approach zero as n—> oo. At the beginning of this section, we 
proved this property for any square integrable function, and we have now 
extended it to the case of any absolutely integrable function. It should be 
noted that if we drop the requirement that the function be absolutely inte- 
grable, its Fourier coefhcients may not converge to zero as n—> ©. 


3. Formula for the Sum of Cosines. Auxiliary Integrals 


We now show that 


sin (#7 + 4)u 


1 _ — . 
5 + cosu + cos 2u + + cos nu 7 sin (u/2) (3.1) 


To prove this, we denote the sum on the left by S. Obviously we have 


2S sins = sins + 2 cos w sin 5 


. ou . ou 
+ 2 cos 2u sins + +--+ 2 cos nu sin 5° 
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Applying the formula 
2cosx%sin®B = sin(z + 8) — sin(& — B) 


to every product on the right, we obtain 


ou . ou . 3 ou a) . 3 
2S sin $= sin + (sin 5u — sin 5) + (sin5u —sin5u) +. 


| ] l 
+ (sin (1 + 5) — sin (» — 5) = Sin (1 + 5) 


sin (7 + 4)u 
2 sin (u/2) — 


Therefore 
S = 


as was to be proved. 
Next, we prove two more auxiliary formulas. Integrating the equality 
(3.1) over the interval [—7, 7] and dividing the result by x, we obtain 


= sin(a + >)u 


l 
I= =| Ysin(u)2) (3.2) 


for any » whatsoever (since the integrals of the cosines vanish). It 1s easy to 
see that the integrand in (3.2) 1s even (since changing the sign of u changes the 
sign of both the numerator and denominator and leaves their ratio un- 
changed). Therefore we have 


7 CY] _d 0 
l [ sin (7 4 zu 7 *| sin (7 + 4)u (3.3) 


mo 2 sin (u/2) 4 5d. Tsin 2 sin (u/2)_ du = 2 


4. The Integral Formula for the Partial Sum of a Fourier Series 


Let f(x) have period 27 and suppose that 


f(xy) ~ = + S (a, cos kx + 6, sin kx). 


k= 
Writing 
| 
a . 
5,(X) = > + > (a, cos kx + 6, sin kx), 
k=1 


and substituting the expressions for the Fourier coefficients, we obtain 


5, (Xx) = - [° SM dt += — > fF * SY cos kt dt-cos kx 


pa 


+ |" f(t) sin kt dt-sin kx 
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Al 


\" SO |5 + > (cos Arcos Ax + sinkt sin kx)] dt 


I 


iv 


[’ SO |5 + > cos k(t — »| dt, 


or using formula (3.1) 


, Lf sin [@ + 3) — 4)] 
5,,(X) _ a [Pf )~Fsinfsu wy) < a 


We now change variables by setting t - x = uw. The result is 


sin (7 + 4)u 


§,(x) = - (s (x + u) 2 sin (w/2) du. 


Now, the functions f(x + uw) and 


sin (7 + +4)u 
2 sin (1/2) 


are periodic in the variable uw, with period 27 {see (3.1)], and the interval 
{—7 — x,m — x] 1s of length 2x. Therefore, the integral over this interval 
1s the same as the integral over the interval [—7, 7] (see Ch. 1, Sec. 1) and 
we obtain 


sin (7 -+ 4)u 


sux) = = fe + 1) TM tu (4.1) 


This integral formula for the partial sum of a Fourier series allows us to 
establish conditions under which the convergence of the series to f(x) can be 
guaranteed. 


5. Right-Hand and Left-Hand Derivatives 


Suppose that the function f(x) is continuous from the right at x, 1.e., 
f(x + 0) = f(x). Then, we say that f(x) has a right-hand derivative at the 
point x if the limit 

lim 


u—0 
u>O 


fee =~ 09 = f'(x) (5.1) 


exists and is finite. If f(x) is continuous from the left at x, 1.e., f(x — 0) = 
f(x), and if the limit 


lim I(x + u) — f(x) 


u—0O ld 


u<Q 


= f"(x) (5.2) 


exists and is finite, then we say that f(x) has a /eft-hand derivative at wn. 
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In the case where f{(x) = f'(x), the function f(x) obviously has an 
ordinary derivative at x, which is equal to the common value of the right- 
hand and left-hand derivatives at x, 1.e., the curve y = f(x) has a tangent at 
the point with abcissa x. In the case where f/(x) and f/(x) both exist but 
are unequal, the curve f(x) has a “‘corner”’ but we can still speak of right- 
hand and left-hand tangents (as indicated by the arrows in Fig. 31). 


yrll(x) 
FIGURE 31] 


Now let x be a point where f(x) has a jump discontinuity. Then, if 
instead of (5.1), the limit 


inn JO 4) = f+ 9) _ f(x) 


u—0 u 
u>OQ 


exists and 1s finite, we again say that f(x) has a right-hand derivative at x. 
Similarly, if instead of (5.2), the limit 


(5.3) 


lim LA + SO 9) 8 prog (5.4) 
co " 
exists and 1s finite, we say that f(x) has a left-hand derivative at x. The 
existence of a right-hand derivative at a point of discontinuity x = Xo is 


equivalent to the existence of a tangent at x = Xo to the curve y = f,(), 
equal to f(x) for x > xq and equal to f(xo + 0) for x = Xo. (Thus, the 
function f,(x) is defined only for x > xo.) In just the same way, the existence 
of a left-hand derivative at x = Xp 1S equivalent to the existence of a tangent 
at X = Xo to the curve y = f_(x), equal to f(x) for x < X9 and equal to 
(Xo — 0) for x = xo. (The function f(x) is defined only for x < Xp.) 

As an example, consider the function 


—x>? for x < 1 
f(x) = £0 for x = 1 
Vx for x > 1, 


shown in Fig. 32. This function has a jump discontinuity at x = 1, and 
obviously 

fi(o=vx for x >], 
f(x) = -x? for x < 1. 
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Therefore, we have 


; = J _ I 
fC) = (<=)... 2 
f'C) = (—3x7),-4 = —3, 


The corresponding tangents are indicated by arrows in the figure. 


y 


FIGURE 32 


6. A Sufficient Condition for Convergence of a Fourier Series 
at a Continuity Point 


We now prove the following important 


THEOREM. Let f(x) be an absolutely integrable function of period 2m. 
Then, at every continuity point where the right-hand and left-hand deriva- 
tives exist, the Fourier series of f(x) converges to the value f(x). In 
particular, this is the case at every point where f(x) has a derivative. 


Proof. Let x be a continuity point of f(x), where both the right- 


hand and left-hand derivatives exist. We have to prove that 
lim s,(x) = f(x). 
By (4.1), this is equivalent to proving that 


_ 1 ft oe sin (7 + 4)u 
iim = [sr (x + Wo (u/2) 


Moreover, since it follows from (3.2) that 


du = f(x). (6.1) 


, 1 ft .., sin@a + 4)u 
I) — x [" foo ) sin (u/2) du, 
we can write 


him - iz [f(x + u) — fx] Ser du = QO, (6.2) 
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instead of (6.1). Thus, the problem has been reduced to proving 
(6.2). 
We begin by proving that the function 


_— f(x + uy) — f(x) _ f(x + u) — SO) u 
2) = ""Fsin apd) u Tsintujy —*? 


(x fixed) is absolutely integrable. Since f(x) has a right-hand and a 
left-hand derivative at the point x, the ratio 


fl + w) ~ fo 


remains bounded as uO. In other words, there exists a number 
5 > 0 such that 


flx +) = $09) <9 — cons 
for —-d8 <u <6. Foru £ 0, this ratio has discontinuities only where 
f(x + u) is discontinuous. But f(x + uw) 1s absolutely integrable 
[since f(x) is absolutely integrable], and hence can have only a finite 
number of discontinuities. Therefore, the function (6.4) is absolutely 
integrable on [—6, 3]. 

Outside [—34, 5], the ratio (6.4) is absolutely integrable, being the 
product of the absolutely integrable function f(x + u) — f(x) and the 
bounded function I/u (|u| > 8 implies that |1/u| < 1/5). Thus, 
finally, (6.4) is absolutely integrable both on [—8, 6] and outside 
[—56, 5], and hence is absolutely integrable on [—7, x]. 

On the other hand, the function 


ul 


2 sin (u/2) 


Is continuous for uw # 0 and approaches | as w— 0,3 and therefore is a 
bounded continuous function, which is undefined only for u = 0. 
Thus, the function o(w) defined in (6.3) is absolutely integrable, being 
the product of the absolutely integrable function (6.4) and the bounded 
function (6.5). 

Now that we have proved that (wu) is absolutely integrable, we note 
that 


(6.5) 


* pe yy SIN (+ Su, fF . 1 
i [f(x + u) — f(x)] ae ald) du = i: o(u) sin (7 + 4)u du. 


Then, the desired relation (6.2) follows by using (2.9). 


3 Use the familiar formula 
lim sin « 


—— 


a-->0 od 
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7. A Sufficient Condition for Convergence of a Fourier Series 
at a Point of Discontinuity 


Next we prove the following 


THEOREM. Let f(x) be an absolutely integrable function of period 2n. 
Then, at every point of discontinuity where f(x) has a right-hand and a 
left-hand derivative, the Fourier series of f(x) converges to the value 


fx + 0) + f(x — 0) 
2 


Proof. According to (4.1), we have to prove that 


tim - |" fo + u) ya du = Met) + fe 0) 


It is sufficient to show that 


sin (7 + 4)u T(x + O) 
lim = + 9) Ssinapay = uy 
_ 1 9° (7 + 3) f(x — 9) 
him r {ys (x + u) 2 sin Gay du = - 2 (7.2) 


We shall only give the proof of (7.1), since the argument leading to (7.2) 
is essentially the same. 
According to (3.3) 


T(x +0) 1 7 sin (7 + 4)u 
2 ==] S(= +) Sintapay 


Therefore, we can prove the relation 


sim ; r (fe + u) — fe + 0) ee de -0, (73) 


instead of (7.1). First we prove the absolute integrability on the 
interval [0, x] of the following function of the variable u: 


f(x + u) — f(x +0) f(x + u) — f(x + 0) u 


Plu) = 2 sin (u/2) ~ u 2 sin (u/2) 
Since f(x) has a right-hand derivative at x, the ratio 
(SPORE ws 0) (7.4) 


remains bounded as u—> 0.4 From this we conclude [just as in the case 


4'To prove (7.2), we have to consider 


I(x + o—fx-” (u < 0) 


instead of (7.4). 
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of the ratio (6.4) of Sec. 6] that (7.4) is absolutely integrable on [0, x]. 
Then, since the function 


u 


2 sin (u/2) 
is bounded, the function o(u) is absolutely integrable on [0, z]. But 


[ [f(x + u) — f(x + 0)] “Te lah du = I; o(u) sin (7 + 4)u du, 


and therefore the desired relation (7.3) follows by using (2.9). 


8. Generalization of the Sufficient Conditions Proved in 
Secs. 6 and 7 


An analysis of the proofs given in Secs. 6 and 7 leads to the conclusion 
that the existence of right-hand and left-hand derivatives at the point x was 
needed only to be able to prove the absolute integrability of the ratio 


P(x + u) — fx) 


(8.1) 
in Sec. 6 [see (6.4) et seg.] and the absolute integrability of the ratios 
T(x + wu) — LO + 0) (u > 0), 
(8.2) 


fx+M-f$E-9 Goo 


li 


in Sec. 7 [see (7.4) et seq.], where x 1s fixed and the ratios are regarded as 
functions of u. Therefore, if we assume this absolute integrability (relin- 
quishing the requirement that the right-hand and left-hand derivatives 
exist), we obtain the following more general convergence criterion: 


THEOREM. The Fourier series of an absolutely integrable function 
I(x) of period 2x converges to f(x) at every point of continuity for which 
the ratio (8.1) is an absolutely integrable function of the variable u, and 
converges to the value | 


T(x + 0) + f(x — 0) 
2 


at every point of discontinuity for which both ratios (8.2) are absolutely 
integrable. 
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9. Convergence of the Fourier Series of a Piecewise Smooth 
Function (Continuous or Discontinuous) 


The following theorem is a consequence of the results of Secs. 6 and 7: 


THEOREM. If f(x) is an absolutely integrable function of period 2x 
which is piecewise smooth on the interval [a, 6], then for allx ina < x < b, 
the Fourier series of f(x) converges to f(x) at points of continuity and to 
the value 


f(x + 0) + f(x — 9) 
2 


at points of discontinuity. (The convergence may fail at x =a and 
x = b.) 


Proof. The theorem is a simple consequence of the fact that a 
plecewise smooth function on [a, b] (see Ch. 1, Sec. 9) must have a 
right-hand and a left-hand derivative for every x ina < x < b, so that 
we need only apply the theorems of Secs. 6 and 7. This is obvious at 
the points where f(x) has a derivative. At the corners of f(x), we use 
L’Hospital’s rule and obtain 


tim LA LOO im ©) = "(x + 0) 
10 y> 0 


since x < —& < x + u, so that E>-x, & > x. Similarly, at a point of 
discontinuity of f(x), we have 


lim Met Ler = lim f’&) = f'(x + 0). 
u—0 u—O0 
u>0 u>0 


In other words, f(x) has a right-hand derivative both at a corner and ata 
point of discontinuity. The existence of the left-hand derivative 1s 
proved in the same way. 

As for the end points of the interval [a, b], the conditions of the 
theorem imply only that the right-hand derivative exists at x = a and 
that the /eft-hand derivative exists at x = b. Therefore, the criteria of 
Secs. 6 and 7 cannot be applied at these points. However, if the inter- 
val [a, b] is of length 27, then it is easily seen that f(x) is piecewise smooth 
on the whole x-axis, since f(x) 1s periodic. In this case, the Fourier 
series converges everywhere. 


Thus, finally, we have proved the first part of the criterion formulated 
in Ch. 1, Sec. 10. The second part of the criterion, pertaining to the absolute 
and uniform convergence of the Fourier series in the case where f(x) 1s 
continuous, will be proved in the next section. 
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10. Absolute and Uniform Convergence of the Fourier Series of 
a Continuous, Piecewise Smooth Function of Period 2x 


Let f(x) be a continuous, piecewise smooth function of period 2x. Then, 
the derivative /’(x) exists everywhere except at the corners of f(x) and 1s a 
bounded function (see Ch. 1, Sec. 9). Therefore, applying the formula for 
integration by parts (which is permissible because of Ch. 1, Sec. 4), we obtain 


] fz 
- i F(x) cos nx dx 


a, — 
_1i [ f(x) sin nx) — — |" St (x) sin nx dx, 
TH 77) 
b, = — | fx) sin nx dx 
noo Tt Jp x } 
a Lf(x) cos nx} + — |" f'(x) cos nx dx. 
TH X=—T TH 


The terms in brackets in the right-hand side of both formulas vanish. 
Thus, denoting the Fourier coefficients of the function /’(x) by a) and 6’, we 
find that 


~“ 


a,=—-— b,=— (n = 1,2,...). (10.1) 


Since f’(x) is bounded and hence square integrable, it follows from the 
theorem of Sec. | that the series 


S (a2 + b’2 (10.2) 
n= 1 
converges. 
Next, consider the obvious inequalities 


? / 
(1a) - =) = a2 - Als 5 0, 
i } H 
(10,| - +) = 2 - Hols 5 > 0, 
Hl } H 
which imply 
LA Pa 


nal e < 5 (aj? + bi) + (1 = 1,2,...). 


On the right appears the general term of a convergent series. Therefore the 
series 
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also converges. But then it follows from (10.1) that for any continuous, 
piecewise smooth function, the series 


> (Canl + ln) (10.3) 


n= 1 
CONVerges. 


Remark. Yo prove the convergence of the series (10.3), we used only 
the convergence of the series (10.2); this series always converges when [’(x) 
is Square integrable [/‘(x) may not exist at certain points5]. Therefore, 
(10.3) also converges 1n this case [when /(x) is a continuous function of 
period 27]. 


We now consider a very simple but very important fact. Suppose we are 
given a trigonometric series 


Qo 


> + > (a, cosnx + 6, sin nx) (10.4) 


n= 


which is not assumed in advance to be the Fourier series of any function. 
Then the following result holds: 


THEOREM 1. Jf the series 
> Canl + [onl (10.5) 
n=! 


converges, then the series (10.4) converges absolutely and uniformly, and 
therefore has a continuous sum of which it is the Fourier series (see 
Theorem 1 of Ch. 1, Sec. 6). 


Proof. Since 
\a, cos nx + b, sin nx| < la, cos nx| + {b, sin nx 
< |a,| + |dn1, 


the terms of the trigonometric series (10.4) do not exceed the terms of 
the convergent numerical series (10.5). Then, the theorem follows from 
Weierstrass’ M-test (Ch. 1, Sec. 4). 


This theorem and the theorem of Sec. 9 imply the following 


THEOREM 2. The Fourier series of a continuous, piecewise smooth 
function f(x) of period 2% converges to f(x) absolutely and uniformly. 


This proves the second part of the convergence criterion of Ch. 1, Sec. 10. 
It follows from this theorem that a continuous, piecewise smooth function 


5 J.e., f(x) may not exist at a finite number of points tn each period. 
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f(x) of period 27 can be well approximated for large » by the partial sums 
s,(x) of its Fourier series; in fact, this is just what uniform convergence 
means! (See Ch. 1, Sec. 4.) 

As an illustration, consider the periodic, continuous, piecewise smooth 
function f(x) equal to |x| for —~7 < x < xm. In Example 2 of Ch. 1, Sec. 13, 
we proved that 


)=F-=/ pp OO Od, 
I(x) = 5 cos x 32 52 


7U 


Figure 33 shows the graph of f(x) and of the partial sum 


cos 3x cos 5x 
3 Se) 

of its Fourier series. We see that the two curves are already quite close to 

each other for n = 5. 


am 4 
S5(x) = i (cos x + 


\ U7 


FIGURE 33 


The remark preceding Theorem | allows us to state the following general- 
ization of Theorem 2: 


THEOREM 2. The Fourier series of a continuous function f(x) of 
period 27, whose derivative (which may not exist at certain points) is 
square integrable, converges absolutely and uniformly to f(x). 


Il. Uniform Convergence of the Fourier Series of a Continuous 
Function of Period 2x with an Absolutely 
Integrable Derivative 


LEMMA |. Let f(x) be a continuous function of period 2x, which has 
an absolutely integrable derivative (that may not exist at certain points), 
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and let w(u) (a < u < 8) be a function with a continuous derivative. 
Then, for any ¢ > 0 whatsoever, the inequality 


c , 
i f(x + wou) sin niu dul < ¢ (11.1) 
holds for all values of x, provided that m (which is not necessarily an 
integer) is sufficiently large. 


Proof. Integration by parts gives 


B u=(3 
f(x + u)wo(u) sin mu du = = [— f(x + we(u) cos mu] 


(11.2) 
l 


B 
+ — | [f(x + u)a@u)]’ cos mu du. 


The term in brackets is obviously bounded. Since 
[f(x + ujo(u)]’ = f(x + ujo(u) + f(x + u)o'(u), (11.3) 
it 1s easily seen that the integral on the right is also bounded. In fact, 


o(u) and f(x + u)w’(u) are bounded, i.e., have absolute values which do 
not exceed some constant M. But then, by (11.3) 


ii [f(x + u)w(u)]’ cos mu du 


< M | f(x + w)| du +M(@B — «) 


I 


M |” [f'@o| du + M@ — 2) 
= const, 


where we have used the fact that f(x), and hence |/’(x)|, is periodic. 
We have also assumed that 6 — « < 27x, which is not essential but is 
sufficient for our purposes. 

Now that we have shown that the term in brackets and the integral 
in (11.2) are bounded, the validity of (11.1) is obvious. 


LEMMA 2. The integral 


ue sin mit 
= Se 11.4 
/ \ 2 sin (t/2) at (11.4) 


is bounded for —m < u < m and any m. 


Proof. We have 


| = \ ma dt + i; w(t) sin mt dt, (11.5) 


where 


l 


l 
a(t) = 2 sin (t/2) ot 
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Applying L’Hospital’s rule, we see that w(t) and w(t) are continuous 
lif we set w(0) = O and w’(0) = sy]. The second integral in (11.5) 
is obviously bounded. On the other hand, setting mt = x, we obtain 


[oe a = fe ay 
o ft Jo x 


and it is easily seen that the last integral does not exceed.the area of the 
first “hump” of the curve y = sin x/x (see Fig. 34). Therefore, both 
integrals on the right in (11.5) are bounded, 1.e., the integral / 1s 
bounded. 


FIGURE 34 


THEOREM. The Fourier series of a continuous function f(x) of period 
2x with an absolutely integrable derivative (which may not exist at certain 
points) converges uniformly to f(x) for all x. 


Proof. Consider the difference 


sin mu 


500) — fo) = = J" +) — SO FT as, (11.6) 


already calculated in Sec. 6, where we have set m = n + 4. Choose any 
¢ > 0 whatsoever, and let 6 be a number between 0 and x. Then 
divide the integral in (11.6) into three integrals /,, /,, /; over the inter- 
vals [—34, 5], [3,7], [—7, —8], respectively. Integration by parts 
gives 
“sin mit u=d 
J 


h = |U@ +) - foo |) Pe a 


u=—8 
a re usin nul 
_ i: Is (x + u) [ 7 sin (1D) ay du. 
For the value of the first term on the right we obtain [using the evenness 


of the function (sin mt)/2 sin (t/2)] 


§ sin nit 


(Ax + 8) — $0) + Mee - 8) ~ AO) | rye Mt 
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which shows that this term does not exceed ¢/2 in absolute value for all 
sufficiently small 3 [since f(x) is continuous and the integral is bounded, 
by Lemma 2]. On the other hand, by Lemma 2 


Sin It 


 (f@ +e ”) | same “| du 


/ x+6 / 
< Mf Ife + u)| du = Mf dt < 


hNopm 


where M is a constant, for all sufficiently small 6, since the integral 
x+§ 
[rola 
x—§ 
is the increment of the continuous function 


[rola 


(xo fixed) and is therefore small when 3 is small. Thus, finally 
il <e 


for any x whatsoever, provided that the number 6 is chosen to be 
sufficiently small. 
Furthermore 


in sin mu du 


al < IO) Fin (uD 


sin mu du 


< |); I +) FSn uD 


for all x, provided that » is sufficiently large. This follows from Lemma 
1, if we set 


OU) = FGn Dd 


and « = 6,8 = 7x. A similar inequality is obtained for the integral /3. 
Combining results, we have 


3E 
ISx(x) — f(x)| = “|, +h+hl<=<e 


for all x, provided that 1s sufficiently large. 


12. Generalization of the Results of Sec. I | 


What can we say about the nature of the convergence of a Fourier 
series if f(x) is continuous and has an absolutely integrable derivative not 


6 Without loss of generality, we can assume that -7t7 <x <7. 
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everywhere but only in some interval? We shall now concern ourselves with 
this question. First we strengthen Lemma | of Sec. I]. 


LEMMA. Let f(x) be an absolutely integrable function of period 2n, 
and let w(u) (« < u < B) be a function with a continuous derivative. 
Then, for any « > 0 whatsoever, the inequality 


| [fe + u)w(u) sin mu dul < ¢, (12.1) 


holds for all x, provided that m (which is not necessarily an integer) ts 
sufficiently large. 


Proof. Let |w(u)| < M, M =const, and choose a continuous, 
piecewise smooth function g(x) of period 27 which satisfies the inequality 


[" £0) - e@ dx < 5% 


(see Lemma 2 of Sec. 2 and the remark). Then we have 


[fe + u)w(u) sin mu du 


= f° [f(x + u) — g(x + u)Jwo(y) sin mu du 


+ | " g(x + u)w(u) sin mu du 


< [PIL + 0) = ge + wel] di 


6 . 
+ | g(x + u)w(u) sin mu du 
9 4 


| (12.2) 


If m is large enough, then by Lemma | of Sec. 11, the last integral does 
not exceed ¢/2. On the other hand 


[UG + w) = ge + WloW)| du 


<M" fe + uw) — ex + widu< Mf” [f@) — @) [dx < § 


where we have used the periodicity of the difference f(x) — g(x) and 
have assumed that 6 — « < 2x. Thus, (12.2) implies (12.1). 


THEOREM. Let f(x) be an absolutely integrable function of period 27, 
which is continuous and has an absolutely integrable derivative on sone 
interval [a, b|). (The derivative may not exist at certain points.) Then, 
the Fourier series of f(x) converges uniformly to f(x) on every interval 


la + 8,6 — 8] (8 > 0). 


Proof. If the length of the interval [a, 5] is not less than 27, it 1s 
clear that f(x) 1s continuous for all x and has an absolutely integrable 
derivative, so that by the theorem of Sec. 11, the convergence of its 
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Fourier series 1s uniform on the whole x-axis. Thus, we assume that 
the length of [a, 5b] is less than 27. 

We introduce an auxiliary continuous function F(x) of period 2rn, 
which equals f(x) for a < x < b, equals f(a) for x = a + 2n, and is 
‘*linear’’ on the interval [b, a + 21] (see Fig. 35). Outside [a, a + 2r], 
the values of F(x) are obtained by periodic extension. It 1s easy to see 
that F(x) has an absolutely integrable derivative. 


F(b)=f(a) 
O| @ b o+eT 


FIGURE 35 


Next, we set @(x) = f(x) — F(x). This function is absolutely 
integrable and M(x) = Ofora < x < 6b. Obviously 


f(x) = F(x) + (x) 


and 
s(x) — fa) = = [DFG + w) — FO) sa 
+ - i [D(x + u) — D(x)] a) du (12.3) 


I 


q + I, 


where we have set m = 1 + 4. Lete > Obearbitrary. By the theorem 
of Sec. 11, the Fourier series of F(x) converges uniformly to F(x), so 
that 


nl<-= (12.4) 
2 
for all x, provided that 1s sufficiently large. 
Now leta+85<x<b-— 56. Then ®O(x) = 0 and therefore 


sin mu 


] fz 
= 2) Oe +) ray 


If —3 < u < 3, we have 


a<x<xt+tu<b 
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for the values of x under consideration, and hence 


O(x + u) = 0. 
Therefore 
1 -8 sin mu ] (7 sin mu 
_= — ——_——_ _ ) —___—___—__ 
a - PO +) Tay Yt |, POX + 4) Fon (uja) 


and it remains only to apply the lemma just proved to each of these 
integrals. As aresult, we obtain 


> 
<= 5 


fora+é6< x <b-— 6 and all sufficiently large ». Finally, according 
to (12.3), it follows from (12.4) and (12.5) that 


Su(x) — FO) < Nh] + [al <«, 


for all x in the interval [a + 5, 5 — 8], provided that n is sufficiently 
large. This proves the theorem. 


Remark. In particular, the theorem is valid for an absolutely inte- 
grable function f(x) of period 2m which is continuous and piecewise 
smooth on the interval [a, 5]. 


To illustrate this theorem consider the piecewise smooth, even, periodic 
function f(x) which equals 7/4 for 0 < x < nm and —7/4 for —n < x < 0. 
In Example 5 of Ch. 1, Sec. 13, 1t was shown that 


sin 3x n sin 5x n sin 7x 
3 5 7 
for x # kn, while f(kn) = 0 (k = 0, +1, +2,...). 
In Fig. 36 we show the graph of f(x) and of the following partial sums of 
its Fourier series: 


f(x) = sin x + 


5;(x) = sin x, 


sin 3x 


53(x) = sin x + 


> 


b] 


sin 3x sin 5x 
—— + 


Ss(X) = sin x + ; ; 


sin 3x 4 sin 5x n sin 7x 
3 5 7 


s(x) = sin x + 


The figure clearly shows the uniform character of the approximation of the 
partial sums to f(x) on the intervals [—z + 6, —3d] and [3, x — 8] (3 > 0), 
on which f(x) is a smooth function. Note that the number 6 can be chosen 
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a15 


FIGURE 36 


to be arbitrarily small (but not equal to zero). It is easily seen that as 3 is 
made smaller, we need to take partial sums with higher indices in order to 
have a good approximation to f(x) on the intervals just mentioned (more 
precisely, to approximate f(x) with a specified degree of accuracy). 
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13. The Localization Principle 


A change in the values of a function even on a small interval can change 
its Fourier coefficients considerably. However, if an absolutely integrable 
function f(x) has a right-hand and a left-hand derivative at the point x, or 1s 
continuous and has an absolutely integrable derivative in a neighborhood of 
x, then, according to Secs. 6, 7, and 12, its Fourier series remains convergent 
no matter how the values of f(x) are changed outside a neighborhood of x. 
This fact is a special case of the following proposition, known as the 
localization principle: 


THEOREM. The behavior of the Fourier series of an absolutely inte- 
grable function f(x) at the point x depends only on the values of x in an 
arbitrarily small neighborhood of x. 


This proves that if the Fourier series of f(x) is originally convergent at x, 
then no matter how we change the values of the function (while leaving it 
absolutely integrable) outside a neighborhood (however small) of x, the 
series remains convergent, while if the series was originally divergent at x, 
it remains divergent. 


Proof. Weuse the integral formula for the partial sums (see Sec. 4): 


sin mu 


! 
al I+”) tay 


S,(X) 


sin niu 


2 sin (u/2) 


where we have set m = n + 4. Here 6 is an arbitrarily small positive 
number, and /,, /, are the integrals over the intervals [3, x] and [—z, — 4] 
respectively. On these intervals, the function 


l 
2 sin (u/2) 


=P fo + wy) an du + I, + I, 


is continuous (since |u| > 5), and therefore, the function 


(f(x + u) 
PW) = > in (aD) 


is absolutely integrable. But then according to (2.9), the integral 


i= < \° g(u) sin mu du 


approaches zero as m-> oo. The same is true of />. Thus, whether or 
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not the partial sums of the Fourier series have a limit at the point x 
depends on the behavior as 1 -> oo of the integral 
fr SIN )1u 


Ix +u “) sin (u/D) sin (u/2) 


which involves only the values of the function f(x) in the neighborhood 
[x — 6, x + 8] of the point x. This proves the localization principle. 


14. Examples of Fourier Series Expansions of 
Unbounded Functions 


Example 1. Ler f(x) = —In |2 sin (x/2)|.7 This function is even and 
becomes infinite at x = 2kn (k = 0, +1, +2,...). Moreover, f(x) 1s 
periodic, since 


_x+2n . [x x x 
2 sin 5 |= 2sin (5 + x)} = |-2sin 3] = [asin 3] 
so that 
.x+2n x 
In 2 sin = = In 2 sin 5) 
The graph of f(x) is shown tn Fig. 37. 
y 


FIGURE 37 


To prove that f(x) is integrable, it is sufficient to prove that it 1s integrable 
on the interval [0, 77/3] (see the graph of f(x)). Clearly, we have 


_ i In |2 = — In (2 sin 5) dx 


. x\)r=7/3 7/3 x cos (x/2) 
7 E In (2 “mn 5). + J 7sin (a2) 


t/3 x cos (x/2) 
eIn (2 sin 5) + | yin sin (x2) 


_ x 
sin —| dx 
2 


I 


71n x denotes the natural logarithm of x. (Translator) 


92 CONVERGENCE OF TRIGONOMETRIC FOURIER SERIES CHAP. 3 


where we have dropped the absolute value sign, since 2 sin (x/2) > | for 
0O<x<n7/3. As e—>0, the quantity < ln (2 sin (e/2)) approaches zero, 
as can easily be verified by using L’Hospital’s rule, while the last integral 
converges to the integral 


t/3 x COS (x/2) 
J 0 Tsnt)y “* 


which obviously has meaning, since the integrand is bounded.® Thus 


lim i In 


eE—>O € 


. x 
2sin = 


5| 2X 


exists, 1.e., f(x) is integrable on the interval [0, 7/3]. Moreover, f(x) 1s 
absolutely integrable on the interval [0, 7/3], since it does not change sign 
there (see Fig. 37). 

Since f(x) 1s even, we have 


b,=0 (rn =1,2,...), 


a,=—- a {" In (2 sin 5) cos nx dx (n = 0,1, 2,...). 
™/0 


2 
First of all, we calculate the integral 


I= ii In (2 sin 5) dx 


mT . x m™ - Xx 
=f. (In 2 + Insin3) dx = xIn2 + | In sin 5 ax. 


We denote the last integral by Y and make the substitution x = 2r: 


m/2 Tt/2 . o t 
y=2]" In sin t dt = 2" In (2 sin 5 cos 5) at 
f 


m/2 
=nin2+2]° In sin 5 


/2 
dt + 2)" In cos = dt 


The substitution tf = ™ — wu gives 


m/2 t ™ . ou T . ot 
2)" In COS 5 dll = 2 |" In sin 5 du = 2 |" In sin 5 at. 
Therefore Y = m1ln2 + 2Y, so that 
Y = —zxln2. 


This implies that J = 0, so that ap = 0. 
8 Recall that 


x—>0 2 sin (x/2) 
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Furthermore, integration by parts gives 


2 |= (2 sin (x/2)) sin m) | [" sin nx cos (x/2) 
a 


TT n “QO  2sin (x/2) ax 


a, = 
x=0 


_ 1 (* sin nx cos (x/2) dx 
—ommJto sin (x/2) 
(The first term in braces vanishes, since the indeterminacy for x—0 is 
easily “‘removed’’ by using L’Hospital’s rule.) But 
sin nx cos 5 = , [sin (7 + 4)x + sin (7 — 4)x], 
and therefore 
— 1 f*sin(a + 4)x 1 ¢™sin (mn — 4)x 
Gn in Jo 2 sin (x/2) dx + neo 2 sin (x/2) 


which by formula (3.3) of Sec. 3 gives 


dx, 


qa, -/ (7 = 1,2,...). 


i 


Since the function f(x) is obviously differentiable for x # 2kn (k = 0, +1, 
+2,...), it follows from the theorem of Sec. 6 that 


> sin x cos 2x n cos 3x 
a) 2 3 


for x # 2kn (k = 0, +1, +2,...). It should be noted that for x = 2kz, 
both sides of (14.1) become infinite. Thus, in this sense, the equation (14.1) 
can be regarded as valid for all x. 

Setting x = 7 1n (14.1), we obtain the familiar formula 

In2=1-—-4+4-4+4+--. 

Example 2. Let f(x) = In [2 cos (x/2)|._ This function is even and goes 
to —o for x = (2k + 1)n [Kk = 0, +1, +2,...]. Setting x =?t—- Tn, 
we see that 


(14.1) 


—In = cosx + 


f T . of 
2 COS (5 — a) = In 2 sin 5 
i.e., the graph of the function In |2 cos (x/2)| is obtained from that of the 
function In |2 sin (x/2)| by shifting it by an amount 7. To obtain the 
Fourier series of f(x), it is sufficient to make the substitution ¢ = x + 7 in 
the expansion 


In = In 


) 


2 cos 2 
x 


ot cos 2f cos 3f 
2 sin 5 —- — cost — —— — —— — ... 


[see (14.1)]. The result ts 


In 


cos2x cos 3x 
2 3 


x 
2cos =| = cosx — 


In 5 


_.., (14.2) 
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for x # (2k + I)n [k = 0, +1, +2,...]. Moreover, since both sides of 
(14.2) go to — oo for x = (2k + 1)n, this equation can be regarded as valid 
for all x. 


15. A Remark Concerning Functions of Period 2/ 


In discussing questions of theory in this and later chapters, we do not talk 
about Fourier expansions of functions of period 7 = 2/. However, the 
reader who is familiar with the contents of Chs. 1 and 2 will have no trouble 
in making the transition from the case of the “‘standard”’ period 27 to the 
case of any period. 


PROBLEMS 


1. Derive formula (3.1) from the formula 


1] — efG@it+l)x 


] + ix + o 8 + einx = — ai 


2. For each of the following functions, find the right-hand derivative at zero 
f.(O), if it exists, and find lim f(x) = f’(0 +), if this limit exists: 
x—O0 


x>0 


ao 
a) f(x) = xsin ~ 
1. 
b) f(x) = x* sin = 


. | 
c) f(x) = x3 sin " 


[In each case, /(0) = 0.] 


3. Show that the theorem of Sec. 6 can be generalized in the following way: 
If f(x) is an absolutely integrable function of period 2z, if f(x) is continuous at 
the point x9, and if there are numbers c > 0, « > O such that 


f(x) — f(xo0)| < ¢elx — xl 


for all x in some neighborhood of xo (cf. Ch. 1, Prob. 7), then the Fourier series 
of f(x) converges to the value f/(xo) at the point xo. 


4. Let f(x), and g(x) be absolutely integrable functions with period 2%, whose 
Fourier series are 


OD 


oe) 
I(x) ~ > anen®, g(x) ~ > ,e'"%, 


n= 1 n= ] 
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and let 
] 27t 
ACs) = == | fx — Nga, 
h(x) ~ > c,e'"s, 
n=] 
Show that 


27 27 27 
— |. atx)| dx < (5 [, fool dx) (5 [, leo ds) 


and that c, = a,b,. In particular, if f(x) and g(x) are square integrable, show 
that 


(o @) 
> lenl < ©, 
n=] 


i.e., that the Fourier series of (x) 1s absolutely convergent. 


5. Show that the Fourier series 


CO 
Say + > (a, cos nx + 6, sin nx) 


n= 1 


can be written in the form 


ie @) 
boo + >. ge, cos (nx + ,), 


n= | 
where o, = Vaz + b%. Express 9, in terms of a,, and 5,,. 


6. Suppose that e, = 0 and that 


co 


> e,|cos (nx + 9,)| < M (1) 


n= 1 


fora <x <b. Show that 


Sy < ©. 
n=l 
Hint. Integrate equation (I) from a to 5, use the fact that 
lcos (nx + 9,)| = cos? (wx + 9,) = $+ $.cos 2nx cos 20, — $sin 2nx sin 20,, 
and then use equation (2.9). 
7. According to equation (13.7) of Ch. 1, the function 
f(x) = (nm — x) (0 < x < 2n) 


has the Fourier expansion 


2 @) 


ink 
f(x) _ > — x 


k=] 
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Let s,(x) be the mth partial sum of the series, 1.e., 


“. sin kx 
S,(x) = > k ? 


k=] 
and let 
_ sin (a + 4)x 
Dil) = Fin GD) 
Show that 
) Ft s(x) = |) DylO at 
a 5) SNX) = 0 Nn ; 
[* d, oar = [2 ar + 0,00 = [eS ar + ox), 
" 0 0 


where w,(x) > OasSn—> Oo; 
© sint T 
c) i} — dt == 
o ft 2 


8. Using the notation of the preceding problem, show that 


sin / ty © sin ft T 
lim s, (5) = = >| dt = = 


li—> © 


Comment. Thus, near x = 0 (a point of discontinuity), the partial sums of 
the Fourter series of the function f(x) of the preceding problem exceed the value 
of the function at x = 0 by the amount 


sin ¢ 
[rset ar — Fx 0.28, 
2 
This illustrates the so-called Gibbs phenomenon, according to which the Fourier 
series of a discontinuous function ‘‘overshoots”’ its limiting value at a point of 
jump discontinuity. 


A 


TRIGONOMETRIC 
SERIES WITH 
DECREASING COEFFICIENTS 


i. Abel’s Lemma 
The following result will be needed below: 
ABEL’S LEMMA.  Lef 
Ug + uy tug tess tu, +: 


be a numerical series (with real or complex terms), whose partial sums 
co, satisfy the condition 


lon] < M, 


where M isaconstant. Then, if the positive nunibers a9, &1, %2,..-5 %y,--- 
approach zero monotonically, the series 


oly + %yUy + Hela °° + 4M, $e: (1.1) 
converges, and its sum s satisfies the inequality 
Is| < Mag (1.2) 
Proof. Let 
S, = %gUg + 4Uy +--+ + 4,5 
then, since uw = op and u, = o, — o,-; (vn = 1, 2,...), we have 


Sn = 089 + %1(0, — Go) + &2(Gn — 0,) + °°: 
+ 0,(6, _ On-1) 
97 
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OT 
Sn = Ty(X — 01) + 0\(o, — 0.9) +... 
+6, 1(%,-1 — %&_) + Oy%p. 


It follows that 


Sy — 97, %, = Ty(X _ 1) + Oy (0, _ a2) rte (1.3) 


+6, 1(Gp—1 _ a.) 
Now consider the series 
To(%q — 1) + Oy(Hy — &2) Hees + On y(%_-1 — &) °°: (1.4) 


This series converges, since the absolute values of its terms do not 
exceed the corresponding terms of the following convergent series with 
nonnegative terms: 


Mao _ 01) + M(a, ~ a>) Feet M(o,,-1 _ Xn) tere 

= M(x — a + % — &2 He + 1 — & +--+) = Ma. 
The right-hand side of (1.3) is the nth partial sum of the series (1.4), and 
therefore, as n — 00, it approaches a definite limit, whose absolute value 


does not exceed the number May. But then the left-hand side of 
(1.3) also approaches a limit as n— oo, and 


| lim (s, — 6,%,)| < May. 
N—-> © 


Since 
|o,,O%| < Mza,,, 
we have 
lim o,a, = 0. 
f—> © 
Therefore 
lim s, = § 
hn— 0 


exists, 1.e., the series (1.1) converges, and s satisfies the inequality (1.2). 


2. Formula for the Sum of Sines. Auxiliary Inequalities 


We now prove the formula 


cos (x/2) — cos (nm + 4)x 


sin x + sin2x +---+ sinnx = 7 sin (x)2) (2.1) 
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To do so, we denote the sum on the left by S. Then, we obviously have 


J Xx , . x . Xx . . x 
2S sin 5 = 2 sin x sin 5 + 2 sin 2x sin 5 +----+ 2smn nx Sin 5 


Using the formula 
2 sina sin® = cos («% — B) — cos(« + 8), 


we obtain 


2S sin = (cos $ — cos 5 x] + (cos 5 -— ¢ 2 | fo... 
5 5 5° 5 OS 5A 


l | 
+ (cos (1 — 5); — cos (1 + 5). 


COs — COS ( + 5] x 
2 2} ° 


It follows that 


_ cos (x/2) — cos (nm + 4)x 


o = 7 sin (x/2) 
which proves (2.1). 
Since obviously 
cos (x/2) — cos (n + 4)x| — Icos (x/2)| + |cos (7 + 4)x| , | 
2 sin (x/2) ~ |2 sin (x/2)| |sin (x/2)| 


for x # 2kn (k = 0, +1, +2,...), we obtain the inequality 


ai 
> sin kx 
k= 


for x #4 2kn. This shows that the sum of sines is bounded for every fixed x. 
(For x = 2kn, the sum vanishes and hence is also bounded.) 


(2.2) 


] 
<< 
< Jsin @/D) 


We now recall the formula 


sin (7 + 4)x 


1 oe e ST? 
$+ cos x + cos 2x + + COS HX 2 sin (x/2) 


(see Ch. 3, Sec. 3), from which it follows at once that 


I 


|2 sin (x/2)| (2.3) 


ai 
4 + > cos kx| < 
k= 


for x #4 2kn (k = 0, +1, +2,...). (For x = 2kn, the sum is obviously 
n + 4, and hence is not bounded as » increases.) 
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3. Convergence of Trigonometric Series with Monotonically 
Decreasing Coefficients 


Consider the two trigonometric series 


ay OD 

5 + 2. a, COS NX, (3.1) 
> 5, sin nx, (3.2) 
n=l 


which we do not even assume to be the Fourier series of any functions. 


THEOREM 1. Jf the coefficients a, and b, are positive and decrease 
monotonically to zero as n—> ©,! then the series (3.1) and (3.2) converge 
for any x, except possibly the values x = 2kn (k = 0, +1, +2,...) in 
the case of the series (3.1). 


Proof. If the sums of the coefficients a, and 5, converge, then the 
theorem follows from Theorem 1 of Ch. 3, Sec. 10. In the general 
case, consider the series 


4+ cosx + cos2x +---+ cosnx +->-, (3.3) 


whose partial sums o,(x) are bounded for any x # 2knx. Then, to prove 
the theorem for the series (3.1), we apply Abel’s lemma. By (2.2), the 
Same argument applies to the series (3.2). 


Remark. Of course, Theorem | and the theorems which follow 
remain valid if the requirement that the coefficients be nonincreasing 
is satisfied not for all, but only starting from a certain value of n. In 
particular, the theorem is true in the case where some of the early 
coefficients vanish. For example, the series 
S COs nx 
n=2 Inn 


converges for x # 2kn. For x = 2kn, this series becomes 
Ss 
<&, Inn 

and hence diverges. 


We now make Theorem | more precise. 


lf.e., a) 2 a2 >-::, b} > bg S>--- and lim ay, = lim by = 0. (Translator) 
h—> n—> 
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THEOREM 2. /f the coefficients a, and b, are positive and decrease 
monotonically to zero as n—> ©, then the series (3.1) and (3.2) converge 
uniformly on any interval [a, b] which does not contain points of the form 
x = 2kn (k = 0, +1, +2,...). 


Proof. If the sums of the coefficients a, and b, converge, then 
(3.1) and (3.2) converge uniformly on the whole x-axis by Theorem | of 
Ch. 3, Sec. 10. In the general case, since the sums of the series (3.1) 
and (3.2) are periodic functions, it is sufficient to prove the theorem for 
every interval [a, b] contained in the interval [0, 2x]. The proof is the 
same for both series, and therefore we confine ourselves to the case of 
the series (3.1). 

Let « > O be arbitrary. Fora < x < b, we consider the remainder 


s(x) — S,(X) = Q,4, CoS (# + 1)x + aj. COS (2 + 2)x +--- (3.4) 
of the series (3.1), and apply Abel’s lemma. To do this, we set 
Tm(X) = On+m(X) — 5,(X), 


where o,(x) and o,,,,(x) are partial sums of the series (3.3). Then by 
(2.3), 


ea] < lorem] + los09] < gobo 


SinceO0 <a<x <b < 2n, we have 
sin 5 >u> 0, 
where uw is the smaller of the numbers sin (a@/2) and sin (5/2) (see Fig. 38). 


y 


FIGURE 38 


Therefore, setting M = 1/u, we find 
lt n(x)| < M = const 


for all x in the interval [a,b]. Thus, Abel’s lemma is applicable to the 
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numbers 4,44, Gn42,--+> AIntms--- and to the series (3.4), and gives 
Is(x) — S,(X)| < Many 
for any x in the interval [a, 6]. Since a, —> 0 as n— oo, we have 
Mans) < € 
for all sufficiently large n. In other words, for all sufficiently large n 
and for any x in [a, 5], the inequality 
|s(x) — 5,(x)| < © 
holds, which proves the uniform convergence of the series (3.1). 
Theorems | and 2 imply 


THEOREM 3. Jf the coefficients a, and b, are positive and decrease 
monotonically to zero as n—> ©, then the functions 


2 @) 


f(x) = 5 + > a, COSNX, 2(x) = > 5, SIn nx 


n=l n=! 


of period 2 are continuous for all x, except possibly for the values 
x = kr (kK = 0, +1, +2,...). 


Proof. If the sums of the coefficients a, and 5, converge, then the 
theorem follows from Theorem | of Ch. 3, Sec. 10. In the general 
case, we can Include any point x) # 2kz in an interval [a, 6] which does 
not contain points of the form x= 2krn. In this interval, the two 
series converge uniformly (by Theorem 2) and hence their sums are 
continuous (see Ch. 1, Sec. 4). In particular, they are continuous at 
xX =X. Since Xp is any point different from a point of the form 
x = 2kn, the theorem is proved. 


FIGURE 39 


As an illustration, consider the expressions 


CO 
> COS HX 
— 9 
| 


n=1 


a 
2 sin = 


— In 5 


T(x) 


™—X — sin nx 
g(x) 7 = > - (0 < x < 2n) 


n=] 
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with which we are already familiar [see Example | of Ch. 3, Sec. 14 and 
formula (13.7) of Ch. 1]. The graph of f(x) 1s shown in Fig. 37, and the 
graph of g(x), together with its periodic extension, is shown in Fig. 39. 


*4. Some Consequences of the Theorems of Sec. 3 


We now present some interesting consequences of the theorems proved 
in Sec. 3. 


THEOREM 1. Jf the coefficients a, and b, are positive and decrease 
monotonically to zero as n—> ©, then the series 


Qo ~ n 
> + > (—1)"a, cos nx, (4.1) 


n= 1 


S (—1)"b, sin nx (4.2) 


n= | 
have the following properties: 
1) They converge for all values of x except possibly at the points 


x = (2k + 1)x [k = 0, +1, +2,...] in the case of the series 
(4.1); 


2) The convergence is uniform on every interval [a, b| not containing 
these points; 


3) The sums of the series are continuous, except possibly at these 
points. 


Proof. We substitute x = ¢ — win (3.1) and (3.2), thereby obtaining 
the series 


CO \e @) 
a a , . 
20 4 > a, cosn(t — m) = 2 + > a,[cos nz cos nt + sin nz sin nt] 
2 n=] 2 n=! 
“0 2 3 
= 3% — 41 COST + a2 COS t—a,cosst+:::, 


0 @) 


> b,[cos nz sin nt — sin nt cos nt] 


n=] 


o @) 
> 5, sin n(t — 7) 
n=] 


= — b, sint + by sin 2t — 63 sin 3t+--:-. 


These are alternating series to which Theorems 1, 2, and 3 of Sec. 3 
apply, provided the points t = ~ + 2km = (2k + 1)x now play the 
role of the points x = 2kn. 
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Theorem | obviously remains valid if in (4.1) and (4.2), we write (— 1)"*! 
instead of (—1)”. To illustrate Theorem 1, consider the series 


In 12 cos x cos x cos 2x n cos 3x 
nN — —_— — — ee e 
2 2 3 
and 
x sin2x sin 3x 
= sin x — — ee (—m < x < 7m) 


2 2 3 
with which we are already familiar [see Example 2 of Ch. 3, Sec. 14 and 
formula (13.9) of Ch. 1]. 

The theorem just proved can be generalized even further. In fact, 
consider the series of the form 


a, COS px + a, Cos(p + m)x + a;,cos(p + 2m)x +.--- 
+ 4,4; COS(p + nm)x +---, 


6, sin px + by sin(p + m)x + by sin(p + 2m)x +.--- 
+ by, SIN (p + Am)x +-°-, 


(4.3) 


where p and m are any numbers, and the coefficients a, and 5, are positive 
and converge monotonically to zero. In both of these series, the coefficients 
of x form an arithmetic progression with difference m. The following are 
examples of series of this type: 


cos Sx  cos9x  cos13x 
+ + ——— + 


cos x + —~— (p = 1,m = 4), 

2 3 4 (4.4) 
sin 2x | sin sx | sin 8x | sin Ihx (p =2 _ 3 
In 2 In 3 In 4 In 5 p=2,m = 3), 


Observing that 


cos(p + nm)x = COS px CoS nmx — SiN px sin nmx, 
sin(p + nm)x = sin px cos nmx + COS px sin nmX, 


we can rewrite the series (4.3) as 


CO ao 


COS px > Any, COS NMX — Sin px > Any SIN NMX, 
n=Q0 n=Q 


00 OO 
sin px > 6,41) COS nMX + COS px > 64) SIN nMX. 
n=Q n=0 


If we now set mx = t or xX = t/m, we obtain 


oe) oe) 
_ pt 

> Qy4] cos wf — sin ml >. Qn+1 sim nt, 

n=O 


n=0 (4.5) 


pt < pt — 
sin — > 6,4, COS nt — cos — > 6,4, sin nt. 
m n=O m n=0 


cos — 


f 
m 
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Theorems 1, 2, and 3 of Sec. 3 are applicable to all four series appearing in 
(4.5). It follows that for any p, the series (4.5) converge and have continuous 
sums for all ft, except possibly values of the form ¢ = 2kzx, and that the 
convergence of the series (4.5) is uniform on any interval which does not 
contain these values. Thus, returning to the variable x, we have 


THEOREM 2. If the coefficients a, and 6b, are positive and decrease 
monotonically to zero as n—> ©, then the series (4.3) converge and have 
continuous sums for all values of x, except possibly the values x = 2kr/m 
(A = 0, +1, +2,...), and the convergence of the series is uniform on 
any interval not containing these points. 


For example, for the first of the series (4.4), the “exceptional” points 
are x = 2kr/4 = kx/2 and for the second series, they are x = 2kn/3. 
In the same way as we obtained Theorem 2, we can prove 


THEOREM 3. /f the coefficients a, and b, are positive and decrease 
monotonically to zero as n—> ©, then the series of the form 
a, COS px — a, coS(p + m)x + a3cos(p + 2m)x —-:--, 
b, sin px — by sin (p + m)x + b3sin (p + 2m)x —--- 
converge and have continuous sums for all x, except possibly 
2(k + 1)r 
x = tn (kK = 0, +1, +2,...), 


and the convergence is uniform on any interval not containing these points. 


In the applications, the following theorem, which we cite without proof, 
is often useful: 


THEOREM 4. With the hypotheses of the preceding theorems, if the series 


n=l HM n=] 


converge, then the corresponding trigonometric series define absolutely 
integrable functions (and are therefore the Fourier series of these functions). 
(See Theorem 2 of Ch. 1, Sec. 6.) 


5. Applications of Functions of a Complex Variable to the 
Evaluation of Certain Trigonometric Series 


Let F(z) be an analytic (differentiable) function of the complex variable 
z= x + iy, without singularities? for |[zZ| < 1. Then, it is well known that 


2 A point z is said to be a singularity of the function F(z) if in the complex plane there 
exists no circle with center at z (no matter how small its radius) within which F(z) is 
analytic. 
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F(z) can be expanded in a power series 
F(z) = Cg + CyZ + CpZ* +--+ 0,27 +--- (5.1) 


for |z| < 1, 1.e., within the circle of radius 1 with center at the origin of the 
complex plane. Suppose that the coefficients of this series are real numbers, 
and set z = e/x. Then (5.1) still holds, since 


leix| = |cosx + isin x| = Vcos2x + sin2x = 1. 
Thus, for any x, we have 


F(ei*) 


Co + c,e'* + Cret2x t+ ..04 c,einx +... 
Co + cC, (Cos x + isin x) + cy (cos 2x + isin 2x) +--- 

+ c,(cosnx + isinnx) +--- (5.2) 
(Co + C} COSX + Co COS 2x +---+ ¢,COSHX +---) 

+ i(c; sin x + cy sIn2x +---+ ¢,SInnNxX +---). 


We now Separate the real and imaginary parts of F(e'*), 1.e., we write 
F(e’x) in the form 


Flex) = f(x) + ig(x), 


where f(x) and g(x) are real functions. Then, it obviously follows from 
(5.2) that 


f(x) = Co + €, COSX + C2 C0S2xX +---+ 6, COSNX +->-, 
g(x) = c; sinx + cpsin2x +---+ c¢,siInnx +---. 


This fact can be used to find the sums of certain trigonometric series. 


Example 1. It 1s well known that 


2 zn 
e=l+z7+ 57 4+-:-4+5+4+° 
2! n! 
for all z. Then, by (5.2) we have 
ix cos 2x COS NX 
ee" = {1 + cosx + te ++: 
2! n! 
. ( . sin 2x sin nx 
+ i[sinx + Feb mae 
2! n! 
But 
eelX — ecosx +isinx — ecos * gi sinx 


ecos x [cos (sin x) + 7 Sin (sin x)], 
and therefore 
cos 2x COS HX 
7 | o @¢ e 4 ] °° 3 


sin 2x sin nx 
2! n! 


eoOS* cos (sin x) = 1 + cos x + 


ecosx sin (sin x) = sin x + 
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In this example, we started from a given function of a complex variable 
and found that its real and imaginary parts can be expanded in trigonometric 
series. In other words, we have found a new approach (as compared with 
Chs. | and 3) to the problem of expanding a function in trigonometric series. 
Moreover, in many cases, the argument given at the beginning of this section 
also allows us to solve the inverse problem, 1.e., to find the sum of a given 
trigonometric series. In fact, suppose we are given two convergent series 


Co + c; COS X + Cy COS 2X +--+-+ C, COSNX +°-°-, 
c, sin x + cysin 2x +--++-+ c¢c,sinmx +-°>. 


Using these series, we form the series 


(Co + cy Cos x + cp C08 2x +--+) + i(c; Sin xX + co sin 2x 4+--:-) 
= Cy + c,(cos x + isin x) + c,(cos 2x + isin 2x) +--- 
= Co + cyei* + cpei?X +---, 


with complex terms. Denoting e'* by z, we obtain the power series 
Co + CyZ + Cz tree, 


If we know the sum F(z) of this series for the values of z of interest, then, 
setting 


F(eix) = f(x) + ig(x), 
we obviously have 


f(x) = Cy + Cy COS X + C> COS 2X +°°°, 
g(x) = c, sin x + cy Sin 2x +---. 


Example 2. Find the sums of the series 


cosx  cos2x COS NX 
] + + p? cf. pn "9 
(5.3) 
sin x sin 2x 4 sIn nx | 
P p2 p" > 


where p is a real constant with absolute value greater than 1. The two 
series (5.3) converge for all x. Consider the series 


_) 
(14 SER OR (eS 4.) 


p? p? 
ex e2ix 
We have 
2 ] Dp 
l4+-4+ 54-5) = ——H = —— = F(z), 
? 1—(z/p) p-zZ @) 
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since the series on the left is a geometric series, which converges for |z/p| < 1. 
Therefore 


1x —~ Po PP 
Fen) p—e-x (p—cosx)—isinx 


— _(p—cosx)+isnx —_(p—cosx) + isinx 
7 (p — cosx)? + sin2x  ” p2 — 2pcosx + 1 


and we find that 


p(p — cos x) cos x cos 2x cos nx 
p*? — 2pcosx + | p p p" 
p sin x sin x sin 2x 4 sin nx 
p2—2pcosx+1  p p? p" 
for all x. 


6. A Stronger Form of the Results of Sec. 5 


At the beginning of Sec. 5, we assumed that the function F(z) had no 
singularities for |z| < 1. Suppose now that F(z) has no singularities only 
for |z| < 1, while F(z) has both regular points} and singularities for |z| = 1 
(in geometrical language, on the unit circle C with center at the origin). 
Then, for |z| < 1, the expansion (5.1) is still valid. Moreover, (5.1) is still 
valid at every regular point z on the circle C at which the series (5.1) converges. 
We now prove this result, for the benefit of the reader who may not already 
know it. First we need the following 


LEMMA. Let 
Uy +t uy tung t+---+tu, +-:- (6.1) 
be a convergent series (with real or complex terms). Then the series 
Uy + Uy + Ugre? +---+ urn t+--- (6.2) 


converges for 0 < r < 1, and its sum o(r) is continuous on the interval 


[O, 1]. 
Proof. lf 
GO = Ug + Uy + Ung tee t+ Uy te::,~" 


then for every « > OQ, there exists an integer N such that ifm > N 


|o — o,,| <> (6.3) 


3 ].e., points which are not singularities. (Translator) 
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where a,, 1s the partial sum of the series (6.1). Consider the remainder 
of the series (6.1) 


R, = 06 — 6, = Ung, + Unga Ho--, (6.4) 
and its partial sums 
Ungy Unga Heb Ung (77 = 1,2,...). 
By (6.3) we obviously have 
Unger A Ung2 beet Undid = [Ri — Rngml < [Ral + | Riaml < «. 


Thus, every partial sum of the series (6.4), just like its entire sum, is < ¢ 
in absolute value. Since the numbers 


prt, parte, ae 


decrease monotonically to zero as n> o0 for any r(O < r < 1), Abel’s 
lemma is applicable to the series 


R,(r) — un dyrrt! + U,pornt2 + vee 


It follows that this series, and hence the series (6.2) converges, and 
moreover that 


|Rir)| < ertntl <i (OO<r< 1). 
Now, letting o,(r) denote the partial sum of the series (6.2), we have 
jo(r) — o,(r)| = |Ri(r)| < ¢ (6.5) 


forO <r< 1. Noting that o(1) = o and a,(1) =o,, and using (6.3), 
we can assert that the inequality (6.5) holds everywhere on the interval 
O<r<l. This proves that the series (6.2) converges uniformly on 
QO <r <1 and hence implies that the function o(r) 1s continuous on 
O<r<l. This proves the lemma. 


To prove the proposition formulated at the beginning of this section, 
we assume that the series 


Co + CyZ + Coz*7 +++ + C,2" +--- 


converges at a point z lying on the circle C. By the lemma just proved, 
the function 


Co + c\rz + Cor*z2 + ee + c,rrz" + oe 6 
is a continuous function of r for 0 < r < 1, and therefore 


lim F(rz) = lim (cg + cyrz + ¢or2z2 +---) 
r—l r—] 
r<l r<l (6.6) 


Co + CZ + CoZ* +-°°. 


I 
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On the other hand, since the point z is a regular point, F(z) is continuous 
at z, and therefore 


lim F(rz) = F(z), (6.7) 
r<i 
since rz—>zasr-—>1. Comparing (6.6) and (6.7), we obtain 
F(z) = Co + €yZ + CozZ* +++ + 6,2" +-°-, 
as was to be shown. 


This result makes the argument of Sec. 5 legitimate for any regular point 
z = ei (such a point lies on C, since |e/*| = 1) for which the series in (5.1) 
converges. To illustrate the situation, we now consider two examples. 


Example 1. It is well known that 


z2  z3 ~~ 2z4 
In (1 t+z)=z-7Z+3- Gt 
for |z| < 1, and that the function In (1 + z) is analytic at all points of the 
unit circle C except the point z = —1, or equivalently, the point z = ef(@kt+D=, 


By (5.2), if z = e'* where x # (2k + 1), we-have 


Indl + ei*) = (cos x _ £08 2x | COS 3x =] 


2? 3 
(6.8) 


{. sin 2X sin 3x 
+ 1{sinx — —-+-], 


2 3 


where we are justified in writing the equation, since the two series on the 


right actually converge for x # (2k + l)x. (See Theorem 1 of Sec. 4.) 
On the other hand, for —m < x < 7, we obviously have 


1 + e'x*= (1 + cos x) + isinx 


= 2cos?~ + 2 sin cos* = 2c0s~ (cos x ‘sin 3) 
2 Cos 5 + 2isin 5 cos 5 2cos 5 (cos 5 + isin 5 


Therefore4 


| x x 
In (1 + ei*) = In (2 cos 5] + is 


for —m~ < x < x. Then, by (6.8) we find that 


x cos 2x cos 3x 
In{2cos=] = cos x — + —... 


2 2 3 (6.9) 
Xo y — sun ex sin 3x 
2 2 3 


Sa ——<< 


4 We have used the following familiar property of the logarithm: If z = pef®, -xn <0 < x, 
then Inz = Ino +70. In our case ep = 2 cos (x/2), 8 = x/2. 
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for —m < x < 7, and we have obtained two expansions with which we are 
already familiar [see Example 2 of Ch. 3, Sec. 14 and formula (13.9) of 
Ch. 1, Sec. 13]. 


By a similar method, we can find the two expansions 


. Xx —, cos2x . cos 3x 
-In(2sin3) = cos x + 5 5 tree, 
(0 < x < 2x) (6.10) 
BOX _ oy 4g Sin 2x, sin 3x _ 
20 ; 2 3 


which we have also encountered previously. In this case, we have to start 
from the function 


l zz 
Ing = Tin - 2) =2z+ 5 tg t+ (z 4 1), 
for which 
f(x) = —In (2 sin 5) ex) == 54 @< x < 2h) 


However, a much simpler way of obtaining the expansions (6.10) is to make 
the substitution x = ¢ — 7 In (6.9). 


Example 2. Find the sums of the series 


cos2x , cos3x, —,_ cos(a + I)x Lon. 
1-2 2-3 nia + 1) j 
sin 2x sin 3x sin (7 + 1)x ra 


[2 723 7 * Ga@Fh 


These series converge for all x. Consider the new series 


2x . cos 3x _{sin2x | sin 3x 
(> x, cos re ea v4 te] 


1-2 2:3 1-2 2:3 
e2ix esix e(ut l)ix 
=75 +55 trap tt . 
It follows from the identity 
ee ee ee 
nantly on arti 
that 
ze z3 gntl > a3 ont) 
tate tet (: a re ; 


—~zIn(l-—z)+Ind—-—z)+2 
= (1 —-z)Indi —- z) +2 = F(z) 
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(see Example 1) for all z satisfying the conditions |z| < 1,z # —1. There- 
fore, 


F(eix) = (] —_— eix) In (1 — e!x) + eix 


. _ x ™m™—xX 
((l — cos x) — isin x] jin (2 sin) — 3 5 | 


+ (cos x + isin x) 


a — cos x) In (2 sin 3} _* 5 * sin x + cos x| 


_ |r — 
+i| 


~ (cos x — 1) —sinxIn (2 sin 5) + sin x| 


for 0 < x < 2m (see Example 1), and consequently 


. x cu — xX, cos 2x — cos 3x 
(1 - cos x) In (2 sin 5) — —z— sin x + Cos X = TS + 7 tres, 


— ~( 1) in x In (2 sin 5) + sinx = sin 2x + sin 3x 
5 COS X sin x 5 = 73 
PROBLEMS 
1. For which values of x do the following series converge: 
“ cos nx sin AX = cos nx + sin nx 
=; b —_——___———_—_? 
09 27, Y > Vn 2 i 


n= 1 


2. For which values of x are the sums of the series in Prob. 1 continuous? 
Are these series the Fourier series of square integrable functions ? 


3. For which values of x do the following series converge: 


COS nx “ cos nx + (—1)'sin nx 
a) S (— 1)" ———=.:._ b) > cos nx + (— I)" sin nx, 


hol n+vVn n=? Inn 
= sin 3nx = n+p COS (2n + 3)x 
c) 2 , On > d) 2, ( I) n+ 2 


4. For which values of x are the sums of the series in Prob. 3 continuous? 
Construct the graph of the sum of the series c). 


5S. For the complex variable z = x + iy, the trigonometric and hyperbolic 
functions are defined by the series 


sinz=z2—-F42-..., 
z* = 24 
cos z= | “ata 
. z> z? 
sinh z= z+ 31 + — + (hyperbolic sine), 


I 
4. 
| 
4. 


cosh z x 7 +--+ (hyperbolic cosine). 
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Using the formulas 


sin (« + 8) = sinacosB + cosasin 8, 
cos (a + 8) = cosacos® — sina sin 8B, 


which are also valid for complex « and 8, prove that 


sin (a + 78) = sina cosh 8 + i cos « sinh B, 
cos (a + i8) = cos « cosh B — /sin« sinh B. 


(1) 


6. Find the sums of the series 


cos3x  cos5x 


a) COS x —- 31 sr — oteey 
sin 3x sin 5x 
b) sin x — 3a, + ar 


Hint. F(z) = sin z (see Sec. 5). Use the first of the formulas (1) of Prob. 5. 


7. Find the sums of the series 


cos 2x cos 4x 


a) 1-7 ar rey 


sin2x  sin4x — sin 6x 
nr rr a 
Hint. F(z) = cosz. Use the second of the formulas (I) of Prob. 5S. 


b) 


8. Find the sums of the series 
COS xX _ cos 2x n cos 3x ae 
1-2 2:3 3-4 ‘ 
sin x _ sin2x sin 3x 
1-2 2-3 3-4 
Hint. Use the method of Example 2 of Sec. 6 and the result of Example 1 
of the same section. 


a) 1 + 


b) 


9. Find the sums of the series 


a) COS 2x _ COSSK 4 (yn COSMX 
3 8 nz — | ° 
sin2x sin 3x sin nx 
— oe — nn ee 
b) 5 g tot (“I + 


Hint. Use the identity 


and the results of Example 1 of Sec. 6. 


10. Find the sums of the series 


2 COS 2x _ 3 COSSX 4g (_ yn MOOS MX _ 
a 3 Q n2— | 
b) 2sin2x  3sin3x 0 (yy SIN MX 


n2— | 


3 8 
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Hint. 


Use the identity 


mw tft 
n—1 2\n-1 


and the results of Example 1 of Sec. 6. 


11. Find the sums of the series 


a) 


b) 


where p is a positive integer. 


Aint. 


COS x 
1+ p 
sin x 
1+ p 


F(z) 


cos 2x 
2+p 
sin 2x 
2+ p 


+ 
-5( 
I 
zP 


COS HX 
n-+ p 
sin nx 
n-+ p 


] 
+4] 


—In(l — z) - > “). 


Also use the results of Example 1 of Sec. 6. 


oO 08) 
| an 
12. Show that if > a, converges, then so does > nN 


n=! 


n=l 


CHAP. 4 


13. Using the notation of Sec. 1, show that if |o,| < M, if «,—>O0as n> o, 


and if 


(oe) 


then > a,u, CONverges. 


n=0 


— O44| < ©, 


14. Show that if {a,| > |a,| >---— 0 and if 


o@) 


> a, COS NX 


n=] 


converges absolutely at even a single pojnt xo, then 


0a) 
> la,| < o. 


n=l 


Show that the same is true in the case of the series 


OO 
> a, SIN NX, 


n=l 


provided that x9 is not an integral multiple of x. 


5 


OPERATIONS ON 
FOURIER SERIES 


|. Approximation of Functions by Trigonometric Polynomials 


In Ch. 3, we established certain conditions under which a continuous 
(and sometimes even a discontinuous) function of period 27 can be repre- 
sented as a sum of a trigonometric series. This raises the following question: 
Was it only because of the inadequacy of the argument used that we were not 
able to prove that the Fourier series of any continuous function f(x) always 
converges to f(x)? It turns out that the answer to this question 1s negative, 
and in fact there exist examples of continuous functions with discontinuous 
Fourier series. 

We now adopt a different approach, 1.e., we consider the approximate 
representation of functions by trigonometric series. Here we immediately 
obtain the following remarkable result. 


THEOREM. Let f(x) be a continuous function of period 2x. Then, 
given any « > O, there exists a trigonometric polynomial 


6,(x) = %9 + > (o%% coskx + B, sin kx) (1.1) 
k=1 


for which 
| f(x) ~ o,,(x)| Se 


for any x. 
1S 
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Proof. Consider the graph of the function y = f(x) on the interval 
[—7, 7]. Divide [—z, 7] into subintervals by the points 


Xp = —T < Xp < XD <6 SX < Xp = T, 


and construct the continuous function g(x) for which g(x,) = /(x;) 
(k = 0,1, 2,...,m) and which is linear on each subinterval [x,_), x;]. 
The graph of the function y = g(x) 1s a broken line with vertices on 


y 


TX hn Ky 0 tm-2 Xm W2Xm 


FIGURE 40 


the curve y = f(x) (see Fig. 40). The subintervals into which we 
divided [—7, 7] can be made so small that the inequality 


A) — 8 <5 (1.2) 


is satisfied for any x in the interval [—7z, 7]. Moreover, the function 
g(x) can be periodically extended onto the whole x-axis. Then, ob- 
viously, the condition (1.2) 1s also valid for the periodic extension of 
g(x), which is continuous and piecewise smooth on the whole x-axis. 

We now form the Fourier series of g(x). According to Theorem 2 
of Ch. 3, Sec. 10, this series converges uniformly to g(x). But then for 
all sufficiently large m we have 


|e(x) — o,(x)| < 5 (1.3) 


for any x, where a,(x) denotes the nth partial sum of the Fourier series 
of the function g(x). Let » be an index for which (1.3) is valid. Then 
it follows from (1.2) and (1.3) that 


IO) -— o0)| = (S@) — 8@)) + (80) — 6,0) 
< | f(x) — g()| + |g) — «,0)| < ¢ 


for any x, which proves the theorem. 


We now note the following consequences of this theorem: 


SEC. 1 OPERATIONS ON FOURIER SERIES 1|17 


COROLLARY |. /f f(x) is continuous on the interval [a, a + 27] and 
I(a) = f(a + 2x), then for any ¢ > 0, there exists a_ trigonometric 
polynomial of the form (1.1) for which 


f(x) — 5,(x)| < ¢ (1.4) 
for any x in the interval [a, a + 27]. 


To see this, it suffices to make the periodic extension of f(x) onto the 
whole x-axis (because of the condition f(a) = f(a + 27x), this does not 
destroy the continuity) and then apply the theorem to the extended function. 


COROLLARY 2. If f(x) is continuous on an interval [a, 6] of length less 


than 2n, then for any < > QO, there exists a trigonometric polynomial of the 
form (1.1) for which 


f(x) — 6,(x)| < ¢ 
for any x in [a, 6]. 


Proof. Extend f(x) from [a, 6] onto [a, a + 2x] in such a way that 
continuity 1s preserved and the extended function satisfies f(a) = 
f(a + 2x). For example, this can be done by setting f(a + 2x) = f(a) 
and then taking the function to be linear on the interval [b, a + 27] 
(see Fig. 41). Then Corollary 1 1s applicable to the extension of f(x) 


FIGURE 4] 


obtained in this way, and therefore the inequality (1.4) is valid for all 
x in [a, a + 27], in particular, to all x in [a, 5). 


What has just been proved can be formulated succinctly as follows: 
Under the conditions of the theorem (or its corollaries), the function f(x) can 
be uniformly approximated by a trigonometric polynomial of the form (1.1) 
with any degree of accuracy specified in advance. 


2. Completeness of the Trigonometric System 


In view of Ch. 2, Sec. 9 (the completeness criterion for an orthogonal 
system), to prove that the trigonometric system is complete it is sufficient to 
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prove that given any function f(x) which is continuous on [—7, 7] and any 
< > QO, there exists a trigonometric polynomial c,(x) for which 


| * LfQx) - 6,() 2 dx < «. (2.1) 


We now prove that this 1s actually the case. 
If f(—x) = f(x), then by Corollary 1 of the theorem of Sec. 1, there 
exists a trigonometric polynomial o,(x) for which 


f(x) — 6,(x)| < Ve/2z 


for any x. Therefore, we have 


iz [ f(x) ~ “,(x)]? dx < = dx — S, | 


as required. 


Next, suppose that f(—7) # f(z). Let M be the maximum of the 
absolute value of f(x) on the interval [—z, 7], and choose the number 
hi > 0 so small that the condition 


4M2h < 


Io 


\ 


holds. Now, let g(x) be the continuous function which coincides with f(x) 
on the interval [—7, x — A], is equal to f(—7) at v = x, and Is linear on the 
interval [7% — 4,7]. (This construction is like the one shown in Fig. 41.) 
Obviously, |g(x)| < M, and hence 


i f(x) — g(x) dx = i [f(x) — g(x)? dx < i 4M? dx 


=4Mth< ri (2.2) 
On the other hand, g(x) 1s continuous and takes equal values at the end 
points of the interval [—7,7]. Therefore, there exists a trigonometric 
polynomial o,(x) for which 


_ [g(x) — 6,(x)}? dx < (2.3) 


| 0) 


But then it follows from (2.2), (2.3) and the elementary inequality 
(a+ b)* < 2a 4+ Bb?) 
that 


ii UG) = oQx))? ax = iz (f(x) — g(x) + (g(x) — 6,(x))]? dx 


—_ 

» 
— _ 
de 


<2]" U/) - s@Padx +2)" [e(s) - 6,Q)P dv < ¢, 


as was to be proved. 
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3. Parseval’s Theorem. The Most Important Consequences of 
the Completeness of the Trigonometric System 


Since the trigonometric system is complete, Bessel’s inequality [see (1.2) 
of Ch. 3] becomes the equality 


lpr Moe), 5 
— |) f%r)dv = 2+ > (2 + 03, (3.1) 


n= | 
where f(x) iS an arbitrary square integrable function, and a,, b, are its 
Fourier coefficients. Formula (3.1) is known as Parseval’s theorem.) 
Recalling Theorem | of Ch. 2, Sec. 7 and the fact that 


Jt) = V2rn, |\cos nx =Vnr (1 = 1,2,...), 


= |sin nx 
we obtain 


THEOREM 1. /f f(x) and F(x) are square integrable functions defined 
on [—n, 7], for which 


10 @) 
a . 
f(x) ~ > + > (a, cos nx + b, sin nx), 


n= 1 


F(x) ~ a + > (A, cosnx + B, sin nx), 


n= | 


then 


-[ S()FRX) ax = — r >. (a,A,, + b,,B,,). 


n=] 


The following result is an immediate consequence of Theorem 2 of 
Ch. 2, Sec. 7: 


THEOREM 2. The trigonometric Fourier series of any square integrable 
function f(x) converges to f(x) in the mean, 1.€., 


_ n 
lim f(x) - (S + > (a cos kx + by sin kx))| ds ~ 0. 
Ns OD 2 TT k=] 

This theorem is all the more remarkable, in view of the fact already noted 
in Sec. | that a trigonometric Fourier series does not always converge in the 
ordinary sense even for a continuous function. 

In Ch. 2, Sec. 7, we proved that a Fourier series can converge 1n the mean 


1 Attributed by the author to the Russian mathematician A. M. Lyapunov “who first 
gave a rigorous proof of the formula (for the case of bounded functions).’’> Theorem 
] below, of which (3.1) is a special case, is the result usually called Parseval’s theorem 
in the English-language literature. (Jranslator) 
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to only one function f(x) [to within a change of f(x) at a finite number of 
points?]. This implies 


THEOREM 3. Any square integrable function f(x) is completely defined 
(except for its values at a finite number of points) by its trigonometric 
Fourier series, whether or not the series converges. 


In Theorem 3 we say “defined” but this does not mean that we yet 
know how to actually determine a function from a knowledge of its Fourier 
series. The problem of actually “reconstructing” a function from its 
Fourier series will be solved completely in the next chapter; however, in 
some special cases, the problem can be solved by using the method given 
in Ch. 4, Secs. 5 and 6. 

Finally, we note two more consequences of the completeness of the 
trigonometric system (see Theorems 1 and 2 of Ch. 2, Sec. 8): 


THEOREM 4. Any continuous function f(x) which is orthogonal to all 
the functions of the trigonometric system must be identically zero. 


In other words, except for the trivial function which is identically zero, 
we cannot add an extra continuous function to the trigonometric system and 
still have an orthogonal “‘enlarged’’ system. Theorem 4 can also be 
paraphrased as follows: Jf all the Fourier coefficients of a continuous function 
are zero, then the function vanishes identically. 


THEOREM 5. Jf the trigononietric Fourier series of a continuous function 
/(x) is uniformly convergent, then the sum of the series equals f(x). 


*4. Approximation of Functions by Polynomials 


As a rather simple consequence of the results of Sec. 1, we can obtain the 
following result which is often very useful: 


THEOREM.> Let f(x) be a function which is continuous on the interval 
(a, bj]. Then, for any ¢ > 0, there exists a polynomial 


Pl) = Co + CiX +r:: Cm X™, 
for which 
| f(x) _ Pmi(X)| <¢ (4.1) 


everywhere on the interval [a, b}. 


2 See the footnote to Ch. 2, Sec. 7. (Translator) 
3 This proposition is usually known as the Weierstrass approximation theorem. 
(Translator) 
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Proof. By making the transformation 
(= T —_—____—, (4.2) 


or equivalently 


a 
x= t+ a, 
we take the interval [a, 5] of the x-axis into the interval [0, x] of the 
t-axis. (If the length of [a, 5] is less than 27, we do not have to make 
this transformation.) We now set 


s(? : “r+ a| = F(t). 


By Corollary 2 of the theorem of Sec. 1, there exists a trigonometric 
polynomial 


on(t) = a9 + > (a, cos kt + B, sin ky), 
k=1 
for which 
| F(t) —_ o,(t)| < - (4.3) 


everywhere on [0,z]. Holding 7 fixed, we choose a positive number 
« > 0 which is so small that the condition 


oD (laxl + Bal) < 5 (4.4) 


Now, it 1s known that for all z 


we 


,; 24? 
cosz= 1-5 + - 0 
cin 742 
Inz=zZ—-—s—+o3-::- 

3! 5! 


where these series converge uniformly on every interval of finite length, 
in particular, on 0 < z < nn. But then, for fixed » and all sufficiently 
large /, we have 


272 474 2172! 
cos kt = (1 = i SL oe I! || <o. 

2! 4! (2/)! (4.5) 
1 k k313) sk S85 pyr Kee ee 
sin Kt — (kr - 31 + 5t —---+ (— (2/ + oTeyiN < S OO, 
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where k = 1, 2,...,, for any ¢ in the interval [0,7]. (Since there are 
only a finite number of the functions cos kt, sin kt for k = 1, 2,..., n, 
i.e., just 27 of them, the index / can be chosen large enough to make all 
the inequalities (4.5) hold simultaneously.) 

We denote the polynomials of degree 2/ and 2/ + 1 appearing in 
parentheses in the inequalities (4.5) by r,(t) and s,(t), respectively. 
Then : 

lcos kt — r;(t)| < o, 


isinkt — s,(t)| < (4.6) 


(A = 1,2,...,) for any ¢ in [0,7]. Consider the sum 
Plt) = % + D>, [oere(t) + Besi()], 
k=! 


which is a polynomial of degree m = 2/ + 1. By (4.4) and (4.6), this 
polynomial satisfies the inequality 


x(t) — Pa] = | > a(oos kt = r4(d) + Bx(sin kt ~ 54(0) 
k=1 


n . g 
<a> (|x| + Bl) < 5 
k= 


everywhere on [0, x]. Therefore, it follows from (4.3) that 


| F(t) _ P(D) — (FO _ 6,,(t)) + (a,,(t) _ P(t))| 
< Fo) 7 o,,(t)| + |o,,(t) _ P,,(t)| <e¢ 


everywhere on [0, x]. Using the formula (4.2) to return to the variable 
x, we obtain 


f(x) — P, (= 5 : “| < (4.7) 


everywhere on [a, bj. It 1s easy to see that the function 


PmlX) = Pr (5 — “) 


a 


is also a polynomial of degree m. Consequently, (4.7) is just the 
inequality (4.1) needed for the proof. 


5. Addition and Subtraction of Fourier Series. Multiplication 
of a Fourier Series by a Number 


To obtain the Fourier series of the sum or difference of two functions 
whose Fourier series are known, it is sufficient to add or subtract the two 
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known series. In fact, suppose that 


. ao < . 
f(x) ~ 5 + 2 (a, cos nx + 6, sin nx), 
; (5.1) 
F(x) ~ Ao + > (A, cosnx + B, sin nx) 
. 2 fl . HI nd ° 


n= | 


Then, the Fourier coefficients «, and 6, of the function f(x) + F(x) are 
given by 


o, = - [ [ f(x) + F(x)] cos nx dx 
_l [" f(x) cos nx dx + I [* F(x) sinnx dx =a, + A 
™. _- ° —_ = _- ° ° it — Nn 


and similarly 


which proves our assertion. 

It can be shown in just the same way that the Fourier series of the function 
k f(x), where k is a constant, is obtained from the Fourier series of f(x) by 
multiplying all its terms by k. 

Despite the simplicity of these considerations, they testify to a very 
important fact, namely, that although convergence is not assumed, it is 
possible to operate on Fourier series as if they were convergent, 1.e., as if the 
sign = appeared instead of ~. The same sort of phenomenon will also be 
encountered in subsequent sections of this chapter. 


*6, Products of Fourier Series 


How do we form the Fourier series of the product f(x) F(x), if we know the 
Fourier series of the factors? To answer this question, we argue as follows: 
We begin by assuming that f(x) and F(x) are square integrable functions, in 
which case we know that the product f(x)F(x) is an integrable function 
(see Ch. 2, Sec. 4). [Note that if we fail to impose this requirement on 
f(x) and F(x), the product f(x)F(x) may turn out to be nonintegrable, and 
then the problem of finding the Fourier series of f(x)F(x) becomes meaning- 
less. ] 

Now, suppose that f(x) and F(x) obey the relations (5.1) and that 


(X)F(x) ~ 3 + » (x, COSNxX + 6, Sin Xx). 


n=l 
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Our problem is to express the coefficients «,, and 8, 1n terms of a,, b,, A, and 
B,. Using Theorem 1 of Sec. 3, we find that 


= =f" T(x) F(x) dx = Sots 4 > (a,A, + 5,B,). (6.1) 


To calculate 


— : [" S(x)F(x) cos nx dx, (6.2) 


it is sufficient to know the Fourier coefficients of the function F(x) cos nx, 
since then we can use Theorem | of Sec. 3 again, this time applied to the 
product f(x)F(x) cosnx. The Fourier coefficients of F(x) cos nx are 


] rn 
~ iz F(x) cos nx cos mx dx 


1 fl cz 1 ¢n 
5 E iz F(x) cos (m + n)x dx + - iz F(x) cos (m — n)x dx| 


which becomes 


4(Amin + Amn) for m > n, 
(Anim + An-m) for. m <n. 


If we agree to write 
A_, — Ax; 
then we have 


] er 
= | ; F(x) cos nx cos mx dx = 4(Amain + Am-n): 


TJ 
Similarly, we find 


l rr Tt 
~ [- F(x) cos nx sin mx dx = 5 E | F(x) sin (m + n)x dx 
lr , 
+ ~ [°_ FO) sin (m — n)x dx 
— (Bran + Bm—n)s 
where we have set 
B k — — B,. 


Thus, we now have the Fourier coefficients of the function F(x) cos nx. 
Therefore, applying Theorem 1 of Sec. 3 to the integral (6.2), we obtain 


A, CO 
oy = =O 5 >, (c [Gn(Aman + Amn) + Om(Bman + Bm-n)l (6.3) 
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In just the same way, we find that 


| ore) 
Bn — i + y) > [Qn(Biran ~ Bn -n) 7 D(A man _ A n—n)). (6.4) 


m=} 


The formulas (6.1), (6.3), and (6.4) give the solution of our problem. 
We note that these formulas can also be obtained by formally multiplying 
together the two series (5.1) (1.e., by acting as if these series are convergent 
and multiplication 1s justified*), then replacing products of sines and cosines 
by their sums and differences, and finally collecting similar terms. 


7. Integration of Fourier Series 


In the applications, one encounters cases where only the Fourier series of 
a function is known, but not the function itself. In this connection, the 
following problems arise: 


1) Given the Fourier series of the function f(x) of period 27, calculate 


[£09 dx, 


where [a, 6] is an arbitrary interval; 


2) Given the Fourier series of the function f(x), find the Fourier series of 
the function 


F(x) = | f@) ax. 


The solution to the first problem is given by 


THEOREM 1. Jf the absolutely integrable function f(x) of period 2n 
is specified by giving its Fourier series 


fx) ~ > + > (a, cos nx + 6, sin nx), (7.1) 


n=] 


then 


[ £0) dx 


4 It is well known that the product of two convergent series 5 = Wy + U2 te°- t+ Un te: 
and o = vy + v2 +++: +un +--+ is given by the formula 
SO = Uv, + (uyve + gv}) Hee + Cqun + avn te Un 02 + Und) +°°> 


(eB) 
= > (yUn + U2Up— ay te HF OUn-102 + UnV1), 
n= | 
which is valid whenever the last series converges. In particular, the formula a/ways holds 
if the two series converge absolutely. 
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can be found by term by term integration of the series (7.1), whether or 
not the series converges, i.e., 


[£00 dx = 2b - a) 


n S a,(sin nb — sin na) — b,(cos nb — cos na) (7.2) 


i 


n=] 


Proof. If f(x) 1s square integrable, then this theorem is a special 
case of Theorem 3 of Ch. 2, Sec. 8. However, in the general case, we 
argue as follows: First we set 


F(x) = [ | f(x) — 3 dx. (7.3) 


This function is continuous and has an absolutely integrable derivative 
(which possibly does not exist at a finite number of points). Moreover 


F(x + 2n) = [ | fc) - 3 dx + i fx) — a dx 
= Fo) + f* Is fx) — BI ax 


= F(x) + [" f(x) dx — nay = F(x), 


so that F(x) has period 2x. Therefore, F(x) can be expanded in a 
Fourier series (see Ch. 3, Sec. 11): 


F(x) = =~° + > (A,, cos nx + B, sin nx). 


Integrating by parts for n > 1 gives 


] pz 
A, = - i F(x) cos nx dx 


—_— * [fo )y— 3 sin wx dx = — On, 


ye-n|OTH H 


= = | FQ) 


sin el ] 


and similarly 


Therefore 


F(x)=—= 
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or by (7.3) 


x ax Ag . ~a,sinnx — b,cosnx 
I(x) dx = —— + = + » a 
0 2 2 }] 


n= 1 


(7.4) 
To obtain (7.2), it remains only to set x = b, then x = aand subtract 
the resulting formulas. 
The solution to the second problem is given by 
THEOREM 2. Let the absolutely integrable function f(x) be specified 
by giving its Fourier series 


a — 
f(x) ~ > + 2 (a, cos nx + 6, sin nx), 


whether convergent or not. Then the integral of f(x) has the Fourier 
expansion 


x 5, —b, cos nx + [a, + (—1)"t1ao] sin nx 
[£00 dx = Sy 2 + S Pn SOS NT Nn TATE Go) SIN IP 


n 
(—m < xX < 7). (7.5) 


n=l n=l 


Proof. We set x = 0 in (7.4), thereby obtaining 
A — b, 
z= Do (7.6) 
On the other hand, by formula (13.9) of Ch. 1, we have 


-> (— pyr! SUX sin 1X 7.7) 


n= 1 
for —nm < x < x. Substituting (7.6) and (7.7) in (7.4) gives (7.5). 


Remark. In passing, we have proved that the series 


> by 

n=l Hl 

converges for any absolutely integrable function. This fact 1s some- 
times useful, since in some cases it allows us to distinguish the Fourier 
series of absolutely integrable functions from other trigonometric series. 
For example, the series 


OD ° 
S sin 1X 
In 7 


n=2 
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which converges everywhere (see Sec. 3 of Ch. 4) cannot be the Fourier 
series of an absolutely integrable function, since the series 


= l 
» ninn 


n=2 


diverges. 


Next, we note an important special case of Theorem 2. 


THEOREM 3. If dy = O and the other conditions are the same as in 
Theorem 2, then 


CO 


x — b, —b, cos nx + a, sin nx 
[fo ax = y+ Y Sma (78) 


n=! n= N 


for all x,> i.e., the Fourier series of the integral can be obtained by term 
by term integration of the series for f(x). 


Proof. The formula (7.8) is obtained from (7.5) by simply setting 
ay = 0. Its validity for a// x [and not just for —x < x < 7m, as in 


(7.5)] follows from the periodicity of the integral on the left in (7.8), 
which itself follows from 


x+2nr 


T(x) ax 


{° f(x) dx + rp f(x) dx 


[ f(x) dx + nay = [ fo dx. 


We can use (7.8) to obtain many new Fourier series, by starting from a 
known series. For example, we know that 


x sin x sin2x sin 3x ex<n) 
—- = — —.-. —wt< xX < TT). 
2 2 3 


Integrating, we obtain 


Te(l-stp- 

4 92 ' 32 

cos 2x cos 3x 

72 + 3p 


— (cos » — 


oO 
” COS HIN 
C — > (—1) +i re ae C = const. 


n=1, 


To find C, we integrate the last equation from —z to7z. Since the series on 


5 If we are interested only in the values —z < x < x, then as in Theorem 2, we do not 
have to require that f(x) be periodic. However, if we are interested in all values of x, 
then for (7.8) to be valid, we have to assume that f(x) is periodic. 
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the right converges uniformly, the term by term integration is justified, and 
we obtain 


[" Sax = 2nC — S (— ; = 5{_ cos nx dx = 2nC. 


n=l 


Therefore, we have 


rag 2 
C= = dx ~ 79” 
so that 
m2 n- | sos nx 
DD - > (—1) 


n=1 


an expression that we have already obtained in Ch. 1, Sec. 13. Integrating 
this formula again gives 


m2 7 net Sin Te 
IB - 7) ax = zc 1) 


Or 


tx = x3 ->C Ly" sin nx 
12 12, 4 ne 


8. Differentiation of Fourier Series. The Case of a Continuous 
Function of Period 2x 


THEOREM 1. Let f(x) be a continuous function of period 2%, with an 
absolutely integrable derivative (which may not exist at certain points®). 
Then the Fourier series of f'(x) can be obtained from the Fourier series 
of the function f(x) by term by term differentiation. 


Proof. Let 


f(x) = x + > (a, cos nx + b, sin nx), (8.1) 
n= 1 


where we can write the equality because of the theorem of Ch. 3, 
Sec. 11. Let a’ and 5) denote the Fourier coefficients of f(x). First 
of all, we have 


=-[" £@) dx =f@ - f(-» = 0. 


6 In other words, f’(x) may not exist at a finite number of points (in each period). 
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Then, integrating by parts, we obtain 


q = . ° F(x) cos nx dx 
] X=T hn (rT . 
=o ie COs nx + - | f(x) sin nx dx = nb,, 
ie 8.2) 
b' = -| f@ sin nx dx 
- 1 f(x) sin nx so [’ f(x) cos nx dx = —na,,. 
Te X=—T Tenn . 
Therefore 


0 @) 


f(x) ~ > n(b,, COS HX — a, Sin nx), 


n=] 
and this is the series obtained from (8.1) by term by term differentiation. 


Remark. Under the conditions of Theorem 1 
a, = -——> b,, =—; (8.3) 


which follows at once from (8.2). Moreover, since the Fourier co- 
efficients of an absolutely integrable function converge to zero as 
n—> oo (see Ch. 3, Sec. 2), we can write 


lim va, = lim nb, = 0, 


N—> —> 0O 


l.e., a, and 5, go to zero faster than 1/n as n—~ ©. 


THEOREM 2. Let f(x) be a continuous function of period 2x, which has 
m derivatives, where m — 1 derivatives are continuous and the mth 
derivative is absolutely integrable (the nvth derivative may not exist at 
certain points). Then, the Fourier series of all m derivatives can be 
obtained by term by term differentiation of the Fourier series of f(x), 
where all the series, except possibly the last, converge to the corresponding 
derivatives. Moreover, the Fourier coefficients of the function f(x) 
satisfy the relations 
lim wa, = lim nb, = 0. (8.4) 
N—> C ht—> © 
Proof. To prove the first assertion, it 1s sufficient to make m appli- 
cations of Theorem 1. The convergence of all the series obtained by 
term by term differentiation, except possibly the last, to the correspond- 
ing derivatives follows from the differentiability of these derivatives [up 
to the (77 — 1)th derivative]. 
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The relations (8.4) are obtained as a result of successively applying 
the relations (8.3) #7: times. Thus 


/ “ Mm 

Qa =_=- — by = — an —_— Bn = — en 

" H n2 9 nm 
wW m (3.5) 

b = — — On _ an _ Bn 

no 27 3 yn 

H n H H 

where a, a,,..., 6, b’,... are the Fourier coefficients of the functions 


T(x), f"(@), ..., while «, and 6, denote the appropriate Fourier co- 
efficients of the function f(x), taken with the proper sign. Since 
f(x) is absolutely integrable, «,—>0 and 8,0 as n-> 0, which 
implies (8.4). 


Remark. Under the conditions of Theorem 2, the series for f(x) 
and all the series obtained from f(x) by term by term differentiation, 
except possibly for the last, converge uniformly (this follows from 
Ch. 3, Sec. 11). 


The next proposition is in a certain sense the converse of Theorem 2: 


THEOREM 3. Given the trigonometric series 


Qo — . 
> + > (a, cos nx + 5, sin 1x), (8.6) 


n= 1 
if the relations 
Jwna,| < M, |n7b,| < M (m > 2; M = const) (8.7) 


are satisfied by the coefficients a, and b,, then the sum of the series (8.6) 
is a continuous function of period 2x, with m — 2 continuous derivatives, 
which can be obtained by term by term differentiation of the series (8.6). 


Proof. Denote the sum of the series (8.6) by f(x). By (8.7), we can 
write 


Qo Oy B,, . 
= — CO — SIN FX }> 


where 
la,| <M, |6,| <M, M = const. 


If we formally differentiate this series, then after k differentiations the 
coefficients have absolute values which do not exceed the numbers 


M 


yym-—k 
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It follows that the sum of the absolute values of the coefficients con- 
verges for k = 1,2,...,m — 2. Therefore, by Theorem | of Ch. 3, 
Sec. 10, the series obtained by term by term differentiation of the 
series (8.6) are uniformly convergent for k = 1,2,...,m— 2. But 
then, it follows from Theorem 2 of Ch. 1, Sec. 4 that the function f(x) 
is differentiable » — 2 times (and hence continuous), that the deriva- 
tives are continuous, and that the term by term drfferentiation Is 
legitimate. 


5 


*9, Differentiation of Fourier Series. The Case of a Function 


Defined on the Interval [—7x, z] 


THEOREM |. Let f(x) be a continuous function defined on the interval 
[—7, m] with an absolutely integrable derivative (which may not exist at 
certain points). Then 

00 
f(x) ~ 5 + > [(nb, + (—1)"c) cos nx — na, sinnx], (9.1) 


n= | 


where a, and b, are the Fourier coefficients of the function f(x) and the 
constant c is given by the formula 


¢ = = [ flr) — f(-n)} (9.2) 
Proof. Let 


/ CO 
; a | 
T(x) ~ 7 + > (a, cosnx + b) sin nx), 


n= 1 


so that 
a =—[ fo) dx = + [fe) — A-2)] 


Obviously we have? 
T(x) - > ~ > (a, cOS Hx + 5) sin HX). (9.3) 
n= { 
The Fourier series of the function 


AgXx 


\, (/ Q) - S| dx = f(x) — > — FO) (9.4) 


7 Although (9.3) is not an equality, it is still possible to transpose terms from the right- 
hand side to the left-hand side, as can be verified by calculating the Fourier coefficients of 
the function appearing in the left-hand side. In our case, the constant term of the function 


f‘(x) — 4a@ vanishes, and all the other coefficients remain the same as for f’(x). 
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can be obtained from the series (9.3) by term by term integration (see 
Theorem 3 of Sec. 7). Therefore, conversely, the series (9.3) can be 
obtained by term by term differentiation of the series for the function 
(9.4). But we have 


f(x) = 2+ S (a, COS NX + 6, sin nx), 

n= | 

and by (7.7) 

AOX 
f(x) —  - £0) = F - fO 
+ 8 a, COS NX + (5, + ae sin nx}: 

n=} Hq 

Therefore 


f(y-=z=~ Sf —na, sin nx + (nb, + (—1)"ao) cos nx], 


n= | 
which implies (9.1), if we set c = ao. 


COROLLARY. IJ/fc = 0, i.e., if f(t) = f(—7), then (9.1) gives 


‘o8) 


I(x) ~ > n(b,, COS HX — a, SIN NX). 
n= | 
In other words, if f(7) = f(—7z), the Fourier series of f(x) can be 
differentiated term by term. But this is immediately clear, since if 
f(x) = f(—7), the periodic extension of f(x) onto the whole x-axis is 
continuous and hence Theorem | of Sec. 8 can be applied. 


Remark. Theorem | is especially important in the case where the 
Fourier series of f(x) is given instead of f(x) itself, for it shows that a 
knowledge of the Fourier series of f(x) is all that is needed to form the 
Fourier series of f(x). However, in this case, the calculation of the 
constant c can turn out to be difficult if we use the formula (9.2). We 
can avoid the use of (9.2) by recalling that the Fourier coefficients of an 
absolutely integrable function converge to zero as n-> oo (see Ch. 3, 
Sec. 2). Therefore, it follows from (9.1) that 

lim [75, + (—1)"c] = 0, 


N—> © 
whence 


c = lim [((—1)"*'n,]. 


NW --> 


It is usually an easy matter to calculate this limit. Moreover, it is not 
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hard to see that the existence of this limit 1s equivalent to the quantity 
nb, having limits for even and odd n separately, which are equal in 
absolute value and opposite in sign. 

Theorem | presupposes that we know that the function f(x) is continuous 
on [—7, 7] and that f(x) has an absolutely integrable derivative. In the 
applications, one often encounters situations where we only know the Fourier 
series of f(x). In this case, the problem becomes more complicated, 1.e., 
from a knowledge of the Fourier series we have to ascertain whether f(x) 
is differentiable and whether its derivative is absolutely integrable, and if the 
answer is affirmative, we have to form the Fourier series of the derivative. 
The following theorem often helps to solve this problem: 


THEOREM 2. Suppose that we are given the series 


> + > (a, cos nx + 5, sin nx). (9.5) 
If the series 
5 + > [((7b, + (—1)"c) cos nx — na, sin nx], (9.6) 
where 
e= lim [(— 1)" indy], (9.7) 


is the Fourier series of an absolutely integrable function (x),® then the 
series (9.5) is the Fourier series of the function 


f(x) = | ox) dx + 24 Sa, 


n=1 
which is continuous for —m < x <7. Moreover, (9.5) converges to 
f(x), and obviously f(x) = (x) at all the continuity points of 0(x). 


Proof. Wecan apply Theorem 2 of Sec. 7 to the series 


Ox) ~ = = + S [(nb, + (—1)"c) cos nx — na, sin nx] 


n=] 


obtaining 


[> 90x) dx 


7 — na, cosnx + [nb, + (—1)"e + (—1)"*'c] sin nx 
= = Sa, + S maces + Ibs + (De + (<1 te] sin ms 


n=] n=! 


CO oO 
— > a, + > (a, cos nx + 6, sin nx) 


n= 1 n=! 


8 It is not assumed that the series (9.6) converges. 
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for —~™ < x < xm. Thus, we have 


I; (x) dx + S Qn -> (a, cos nx + b, sin nx) 


n=1 n=! 


and hence 


x ; ; ao oo 
i, o(x) dx + 7 + 2. a, = 4 $+ (a, cos nx + b, sin nx). 
Example 1. The series 
, 1 Sin Wx 
yy 


n=2 


is the Fourier series of a continuous? and differentiable function for —x < 
x <7. To see this, we first use (9.7) to find 


. n2 
e= jim (= a4) = =) 


and then form the series (9.6). The result is 


l n n+l 
— Zt eox + > D'S 7 + (- 1)" cos nx 


Or 


COS NX 
nz — | 


l 
— 5 + COSX + >)" 


n=2 


This series converges absolutely and uniformly (since the sum of the absolute 
values of the coefficients 1s obviously convergent), and therefore it has a 
continuous sum (x) of which it 1s the Fourier series (see Theorem | of 
Ch. 1, Sec. 6). According to Theorem 2 


fo) = [ede = > (- yr Ane (9.8) 
n=2 
and 
T(x) = ox) = - ; + cos x + > (—1)" st un (9.9) 


n=2 


Incidentally, we note that it 1s sometimes possible to find the sum of 


9 The continuity of the sum of the series can be inferred from Theorem 1 of Ch. 4, 
Sec. 4. 


136 OPERATIONS ON FOURIER SERIES CHAP. 5 


a Fourier series by differentiating it. Thus, in this example, if we apply 
Theorem 2 to the series (9.9), we obtain 


n SIN nx 


f(x) = - sinx - > (—1"— 


w= 


so that 
f(x) = — sin x — f(x) 
or 
f’(x) + f(x) = - sin x. 
Solving this differential equation for f(x) gives 
f(x) = c; cos x,+ cy sin x + 4x cos x. (9.10) 


To find c,, we set x = 0, obtaining f(0) = c,. According to (9.8), f(0) = 0 
so that c; = 0. To find c», we differentiate (9.10) and compare the result 
with (9.9): 


COS nx 
nz — | 


. l 
cy cos x + SX _ SINK _ — 5 + cos x + oy 


n= 


For x = 0, this gives 
x | L< {1 | 
a= 2(-) may 32,0 (<4 - =) 
(:-4)-(-J4(h-)-(-Yae det 
3 2 4 3 «5 4 6 4 


X¥ COS X 


sinx  : 


We now note another useful criterion for the differentiability of a function 
defined by a trigonometric series: 


Thus we have 


THEOREM 3. Consider the series 


= + > (— 1)" (a, cos nx + 5, sin nx), (9.11) 


n=] 
where a, and b, are positive. If the quantities na,, nb, do not increase 


(after a certain n) and converge to zero as n—> ©, then the series (9.11) 
converges for —t% < x < mand has a differentiable sum f(x) for which 


f(x) = > (-1)" nb, cos nx — a, sin nx), (9.12) 


n=] 


1.e., the series (9.11) can be differentiated term by term. 
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Proof. By hypothesis, a, and 5, decrease monotonically to zero as 
17—> 00. Therefore, by Theorem 1 of Ch. 4, Sec. 4, the series (9.11) 
and the series in the right-hand side of (9.12) converge uniformly on 
every interval [a,b] inside the interval [—z, x]. It follows that the 
series (9.11) can be differentiated term by term for —z < x < m (see 
Theorem 2 of Ch. 1, Sec. 4), which proves (9.12). 


Example 2. It is an immediate consequence of Theorem 3 that the series 
S (— y" COS HX 

im alnn 

has a differentiable sum for —z < x < 7, and that 


o @) 


fx) =- > (-) 


n=2 


, SIN HX 
In 7 


*10. Differentiation of Fourier Series. The Case of a Function 
Defined on the Interval [0, = ] 


As a simple consequence of Theorem | of Sec. 8, we obtain 


THEOREM |. Let f(x) be continuous and have an absolutely integrable 
derivative on [0, x] (the derivative may not exist at certain points), and 
let f(x) be expanded in Fourier cosine series or Fourier sine series. Then 
the cosine series can always be differentiated term by term, while the sine 
series can be differentiated term by term if f(O) = f(x) = 0. 


Proof. In both cases, the extension of f(x) onto [—7z, 0] (which 1s 
even for the cosine series and odd for the sine series) leads to a function 
which is continuous on [—7z, z=] and which takes equal values at the end 
points of [—z, 7]. Therefore, in both cases, the subsequent periodic 
extension of f(x) onto the whole x-axis leads to a continuous function of 
period 2x with an absolutely integrable derivative. We can now apply 
Theorem | of Sec. 8. 


THEOREM 2. Let f(x) be continuous and have an absolutely integrable 
derivative on [0, x] (the derivative may not exist at certain points), and 
let f(x) be expanded in the Fourier sine series 


f(x) = S 5, sin Wx (0< x <7). 


n=] 


Then 


f(x) ~ 5 = + S (1b, —d+(e+d\(—-l)"]cosnx, (10.1) 


n= | 
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where 
= 2 (fm) -fO) d==f0) 
— - Lf (7) f ) _ = . 
Proof. If 
Mow, 
f(x) ~ > + 2 An COS NX, 
then 


~ Da 
_-=>= n COS HX. 
2 wt 


We know that 


; isin _ 3 
XG 1)"* 5° 


—sin(2k + 1)x h 
> k+1.~)6|(64 =5 2 U-(- I") 


(0< x < nm). 


[See (13.9) and (13.11) of Ch. 1, Sec. 13.] Therefore 
I (re) - Zh ax = se) - S - so 


sin nx 
S 5b, sin nx — ag S (—1)'t! ——— 


n=] n=] 


- 2/0) 3 - 1)") 


k=0 


| 


sin nx 


| 


n= 1 


which 1s the Fourier series of the function 


i, ( f(x) — 3] dy. 


sin nx 


S nb, — = f(0) + (ai + = ro) "| 
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(10.2) 


(10.3) 


(10.4) 


(10.5) 


sin nx 
Le 9 


H 


But this series can also be obtained by integrating the series (10.3) term 
by term (see Sec. 7), and hence, conversely, (10.3) can be obtained by 


differentiating (10.5) term by term. Therefore 


roy — B~ > (no, — 210) + (a6 + 20))(—"] cos nx. 


n= 1 
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which implies (10.1) and (10.2) if we set 


c= a) = = ["S'(x) ae = = If) — SO). 


d= 


COROLLARY. If 
—d+(c+d)(-1)"’ =0 (71 = 1,2,...), 


then, instead of (10.1), we obtain 


0O 


I(x) ~ > nb,, COS HX, 
n=1 
i.e., the Fourier series of f'(x) is obtained simply by term by term differ- 
entiation of the Fourier series of f(x). 


Proof: This case corresponds to the condition 


S(O) = f(x) = 9 


already considered in Theorem 1. In fact, for even », we immediately 
obtainc = 0. But then for odd, we have —2d = O ord = QO, and f(0) 
= f(r) follows from (10.2). 
Remark. Instead of (10.2), we can determine the constants c and 
d by using the formulas 
c = — lim nb,, where n Is even, 


Nn— © 


d = 4( lim nb, — c), where 77 1s odd. (10.6) 


ti— 0 


To see this, we note that the Fourier coefficients of the absolutely in- 
tegrable function f’(x) converge to zero asu—> oo. Therefore, it follows 
from (10.1) that 


lim (nb, + c) = 0 


li—> & 


for even n, which implies the first formula (10.6), while for odd n 


lim (7b, — c — 2d) = QO, 
which implies the second formula (10.6). 
Theorems | and 2 have the following converses: 


THEOREM 3. Suppose that we are given the series 


Qo 


5 + > a, COS NX. (10.7) 


n=l 
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If the series'® 


of) 


— > na, SIN WX 


n= | 


is the Fourier series of an absolutely integrable function o(x), then (10.7) 
is the Fourier series of the function 


f(x) = | ex) dx + P+ > ay, 


n= | 
which is continuous on [0,7].!1. Moreover, (10.7) converges to this 
function, and obviously f'(x) = 9(x) at all the continuity points of (x). 


This theorem is a simple consequence of Theorem 2 of Sec. 9, obtained 
by setting b, = 0 (n = 1, 2,...). 
THEOREM 4. Suppose that we are given the series 


>. 6, sin nx. (10.8) 


n=! 


If the lintits (10.6) exist and if the series‘ 


wo] es 


+ > [7b, — d+ (c + d)(—1)"] cos nx (10.9) 
n=l 


is the Fourier series of an absolutely integrable function (x), then 
(10.8) is the Fourier series of the function 
x ad 
f(x) = } px)dx + <x <7). 
Moreover, (10.8) converges to this function, and obviously f'(x) = o(x) 
at all the continuity points of 0(X). 


Proof. Wecan apply Theorem 2 of Sec. 7 to the series 


(x) ~ 5 + > (nb, — d + (¢ + d\(—1)"] cos nx, 
n= | 
obtaining 
x we (nb, — d+ (ce + dy(—1)" + (- 1)"*'e] sin nx 
i, O(x) dx = d. Ce 


CO 


= | ay SIN HX 
> 6, sinnx — > [lL — (-) Jd —— 


n= 1 n=l 


- . ted 
> 5, sin nx — > 


n= 


10 It is not assumed that this series converges. 
1! Since the sum of the series (10.7) is an even function, it will also be continuous on 


{[—z, m]) and hence on the whole x-axis. 
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for QO < x < m [see (10.4)]. Therefore 
\° o(x) dx +0 - 5 b,, sin Wx 
n= 1 


forO <x <n. 
As a special case of this theorem, we have the following result: 


THEOREM 5. Given the series (10.8), if the limit 


lim wb, =h (10.10) 
exists, and if the series 
— > 5 + > (15, — h) cos 1x (10.11) 


n=1 


is the Fourier series of an absolutely integrable function (x), then (10.8) 
is the Fourier series of the function 


f(x) = | ox) dx +E (Q< x < nm). 


Moreover, (10.8) converges to this function, and obviously f'(x) = (x) 


at all the continuity points of 9(x). 


To prove Theorem 5, we note that when the limit (10.10) exists, the 
formulas (10.6) give c = — h, d=/h, and then the series (10.9) becomes 
(10.11). 


Example 1. The series 
oO 36 
Ss! sin nx O<x<n) 


am nt t+ | 


is the Fourier series of a function which can be differentiated any number of 
times. In fact, in this case (10.10) gives 


n4 
—__—_ = | 
h= jim n4 + J 


and the series (10.11) 1s 


5+ D(a - | 1) cos nx 


OF 


| — COS HX 
~37 Qnty 1 
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This series converges absolutely and uniformly, and therefore has a con- 
tinuous sum ¢(x). By Theorem 5 


F?- SIN AX 
f(x) = > 
ai 


=~ nt + | 


P(x) = 9%) 


= |" o(x) dx + 
, 2 


for 0 <x <7. 
Next, we note that the Fourier coefficients of the function ¢(x) satisfy 
the inequality 


inta,| = lo <1. 
" n4 + | 


Therefore, by Theorem 3 of Sec. 8, the function (x) has two continuous 
derivatives, and in fact 


CO e 
«mn Sin nx 
X = a 
9 (x) 2, n+ + | 


, 7 — n2 cos nx 
eQ) = d. nt + | 
We can now apply Theorem 3 to the last series, obtaining 


mn? sin nx 


mei — I), 


o'(x) = — __ 2 eT 
Obviously 
e'(x) = f(r), 
so that f(x) satisfies the differential equation 
fOMX) = —f(x) (O< x <n), 


which implies that the derivatives of f(x) exist up to any order. 
As in Sec. 9, the results of this section can be used to evaluate the sums of 
trigonometric series: 


Example 2. Find the sum of the series 


— COS NX 
aT (10.12) 
1= | 


This series 1s uniformly convergent, and therefore has a continuous sum 
F(x). Differentiating the series term by term, we obtain 


—. SIN NX 
- 2. a7 (10.13) 


n= 1 
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We now apply Theorem 5 to this last series. Then, formula (10.10) gives 


. ne 
f= tim (— 4) = -1 


and for the series (10.11), we obtain 


| — n2 
5 + > ( - no] + 7 COS HX 
or 
| =. COS WX | 


5+ 2p y= at FO. 


n=! 


Thus, according to Theorem 5, the sum f(x) of the series (10.13) is 
x x T 
fx) = 5 + \, FQx)dx- 5 (0 < x <7). 
But then Theorem 3 1s applicable to the series (10.12), and therefore 
F(x) = = 4 in F(x) dx — (0< x < 7m) (10.14) 
2 0 2 
or 
F"(x) — F(x) = 5 


The solution of this differential equation 1s 


F(x) = cye* + ce-* — - (10.15) 


and hence 
F(x) = cyex — c2e-*. 


Setting x = 0 in these expressions and using (10.12) and (10.14), we find that 


= l | 
= ¢C) + C2 — 5 
24 2 


from which we obtain 


l/< | l 7 
= 5( > agi tat 3) 


n=! 


Then, with these values of c,; and co, the function (10.15) gives the sum of the 
series (10.12). 
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Il. Improving the Convergence of Fourier Series 


In the applications, the most convenient trigonometric series are those 
with rapidly decreasing coefficients. In this case, the first few terms of a 
series suffice to give its sum quite accurately, since the sum of a// the remaining 
terms will be small if the coefficients approach zero rapidly enough. Thus, 
the faster the coefficients decrease, the fewer terms of the series are needed 
to give its sum to any degree of accuracy. It should also be noted that in 
differentiating trigonometric series, the situation is the simplest when the 
series have rapidly decreasing coefficients (see Theorem 3 of Sec. 8). 

These considerations lead us quite naturally to the following problem: 
Suppose we are given a trigonometric series 


f(x) = = + > (a, coS nx + 6, sin nx), (11.1) 
n=1 
whose sum we denote by f(x). Howcan we subtract from this series another 
trigonometric series whose sum (x) is known (in finite terms) in such 
a way that the series which is left, 1.e., the series related to f(x) and ¢(x) by the 
formula 


(os) 


f(x) -— ox) = > (a, cos nx + B, sin nx), 


n= 1 


has quite rapidly decreasing coefficients? Once this problem has been 
solved, then operations on f(x) can be replaced by operations on the known 
function o(x) and on a series with rapidly decreasing coefficients. 

The fact that this problem can be solved in cases of practical interest can 
be made plausible by the following argument: Suppose that we are given a 
function f(x), defined on [—7z, 7] (or on [0, ]), and suppose that f(x) has 
several derivatives. Then, the periodic extension of f(x) over the whole 
x-axis may lead to a discontinuous function (or to a function with discon- 
tinuous derivatives), with the result that the Fourier coefficients fall off 
slowly. It is not hard to see that by subtracting a suitably chosen J/inear 
function from f(x), we can convert f(x) into a function with equal values at 
the end points of the interval [—7, 77], and hence into a function which can 
be extended continuously over the whole x-axis, 1.e., into a function with 
Fourier coefficients which fall off faster than those of the original function. 
Similarly, by subtracting a suitably chosen polynomial from f(x), we can 
arrange for not only the function but also several of its derivatives to have 
equal values at the end points of the interval. But then both the function 
and these derivatives can be extended continuously over the whole x-axis, and 
Theorem 2 of Sec. 8 can be applied. This already guarantees that the 
coefficients fall off quite rapidly. 
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Thus, there 1s hope for solving our problem. However, in the actual 
problem, we are given a series and not a function. Therefore, the form of 
the function (x) has to be inferred from its series expansion; this constitutes 
a difficulty which, however, can very often be overcome. When the problem 
has finally been solved, we say that we have improved the convergence of the 
series (11.1). 

We now show two ways of improving the convergence of Fourier series. 
The first method 1s based on the fact that the difference between two infinites- 
imals of the same order 1s an infinitesimal of a higher order than the order 
of either of the original infinitesimals.! 


Example 1. /mprove the convergence of the series 


f(x) = > (— I)" ; sin nx. 

In this case, the quantity 3/(n4 — 1) is of order 1/m as n— oo [since 
n3/(n4 — 1) + I/n = n4f(n4 — 1)>1 as n->ooj. A simple calculation 
shows that 


Therefore we have 


fQ) = > (=1) n SIN NX +> (—1)" Sin ny. 


But according to formula (13.9) of Ch. 1, Sec. 13 
S (a yr! Se => (-n<x<n), 


n= |] 
and hence 


sin x 


—m<x <7). 
A ) 


fis) = =F + sinx + 5 (-1 y" 


n=2 
In the last series, obviously 
lb,05| < M ~~ (M = const), 


e., the Fourier coefficients are of order 1I/n>. 


Example 2. /mprove the convergence of the series 
0 4 2 
nt — n2 +4 ] 
x) = ———_——— cos nx. 
SO) 2 n(n+ + 1) 


12 Two infinitesimals are said to be of the same order if their ratio converges to 1. 
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In this case, the Fourier coefficients are of order 1/n? and 


nm—n?+1 1 _ 1 
n2(n4 + 1) nz nt+ | 


Therefore we have 


But according to formula (13.8) of Ch. 1, Sec. 13 


 cosnx = 3x2 — 6x + 27? 
= < x < 2n), 
2. 19 (0 < x < 2n) 
and hence 
3x2 — 6nx — 272 “ COs nx 
_ “Tne <x < 2n). 
JO) 12 Qne1 OS *< 20) 


In the last series 
la,n4| <1, 


i.e., the Fourier coefficients are of order 1/n4. 
The second method of improving convergence!> 1s based on representing 


the Fourier coefficients as sums of the form 


A Fy. (A = const, B= const,...). 
non 
Example 3. Improve the convergence of the series 
— sin nx 
= = const > QO). 
f(x) = > = (a = const, a > 0) 


n=] 


Obviously we have!4 


We truncate the series in parentheses at the term a2/n*, and then add up the 
remainder, obtaining 

l I 1 _ 4 aa 
n+taioon no nz nein + a) 


13 Actually, it can be shown that the second method reduces to repeated application of 


a i a 4 a2 a 
no one 3 n(n + a) 


the first method. 
14 Of course, we can only talk about an infinite series if a/n < 1, but the result we need 


is always true, as can easily be verified. 
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Therefore 


1° @ ° ee) 
sin WX sin nx sin WX sin NX 
x) = > ——- -a > a S > 
f(x) y 1B(n + a) +a) 


n=] n= | n= 1 


and the sums of the first three series, and more generally the sums of series of 
the form 


oO oO 
SIN WN COS HX 
> 


HP }1P 
n=1 n= | 


(where p is a positive integer), can easily be obtained by using known ex- 
pansions. In fact, according to formulas (13.7), (13.8) of Ch. 1, Sec. 13, 
and (14.1) of Ch. 3, Sec. 14 


CO ° 
SIN WX ™T™ — XxX 


— H 2 
n= 1 
— COS NX _ 3x2 — 6nx + 2x2 
ma 12 
COS NX . Xx 
> = — In (2 sin 3) (0 < x < 2n). 
= H 2 
n= 1 
Integrating the second and the third series, we obtain 
<— SIN NX _ f’ 3x2 — on 3x2 — 6mx + 2n? , x3 — 3nx2 + 2n?x 
ns 7 12 


S sin Wx — in In (2 sin 5) dx 


nz 


n=! 


forO < x < 2x. Therefore 


f(x) = ~ 4 al" In (2 sin *) dx 


a* O43 2 2 
+ 5 (x + 3nx* — 22x) — a S 


sin nx 
n(n — a) 


n= 1 


where the coefficients of the last series are of order 1/n‘. 


12. A List of Trigonometric Expansions 


In dealing with Fourier series, it is convenient to have a list of commonly 
encountered series. Such a list is particularly useful if we are trying to 
improve the convergence ofa series. In the list given below, we have gathered 
together all the expansions obtained previously, and we have added some 
new ones. 
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1) > = —In (2 sin 5) (0<x<2n),  [Ch. 3, 14.1] 

2) > = 5 ~ 0 <x < 2n), [Ch. 1, (13.7)] 

3) > — = oer a Orx + Ar (0 < x < 2n), [Ch. 1, (13.8)] 
sin nx 


4) — [ In (2 sin 5) dx (0 < x < 2n), [See Sec. 11] 


5) S co8 mx = f , sh “hia 5) dx + + 5 (0 < x < 2r) 


— Z 


which is obtained by term by term integration of the preceding series, 


< Sinnx x3 — 3nx2 + 2n2x 


6) ns 12 


(0 < x < 2m), [See Sec. 11] 


n= ] 


> (Hy SE = In (2 cos = 
= | 


7 4 (—n <x <7), [Ch. 3, (14.2)] 


Hl 


8) Sept = = (—n <x <n), ICh. 1, (13.9)] 
n=1 


sea ¥ 2 — 2 
9 Yen — = oe (—n < x < 7m), [Ch. 1, (13.10)] 


n=] 


10) > (—1)"*! — — |. In (2 COS 5) ax (—m <x <n), 


n= ] 


obtained by term by term integration of the series 7), 


11) S (— yyrtt ae COS —_ 


n=] 
Z . x 
n+] * x : | 
=> 9) . dx || n (2 cos | dx (—n <x <7) 
obtained by term by term integration of the series 10), 
n+] sin SIN NX 12x _ x3 
12) S (—1) PX ey ew, 


12 


n= | 
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obtained by term by term integration of the series 9), 


Ss cost@n + OK _ _ Tn tan (0< x <7), 


13) 2n + | — 32 2 


n=0 


obtained by addition of the series 1) and 7), 


—sin(2n + 1)x 

14) ne OLE 6 <x < 72), [Ch. 1, (13.11) 
2, 2n + | 4 
— cos(2n + l)x m2 — 2nx 

15) weenie TE 0 <x <2), (Chl, (13.12) 
2 (Qn + 1) 8 
<— sin(2n + 1)x 1 fx xX 

16) 2 Gna) = a In tan 5) dx (0 <x < Tt), 


obtained by term by term integration of the series 13), 


S cos (2n + 1)x 
4 (2n + 1) 


=5° dx |" In tan 5 i+ > oe (O< x <n), 


17) 


obtained by term by term integration of the series 16), 


= rea (0 < x <2), 


S sin(2n + 1)x 1n*x — nx? 
< (2n + 1) 8 


18) 


obtained by term by term integration of the series 15). 
If in the formulas 13) through 18), we replace x by ¢ and then set ¢ = 
4x — x, we obtain the expansions 


19) pC pyr Cos Gn + Lx l)x = (-5<x<3) 


2n + | 4 2 2 
20) > — |)" ae x in tan (j — 5) 
(-2 <x <3) 
21) > (— 1)” a = — sf" In tan ; dt 


,sin (Qn + Ix _ mx 
22) > (—D —Qn+1)2 — 4 (- 
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— ,cos(2n + l)x — 7 — 4rx? Tt Tt 
23) 2) on D? = 37 (- 5 < <5) 


sin (2n + Ix _ 1 pin-x x x 
24) > (—1)" Qn FIs =5|. dx |. In tan 5 dx 


= I 71s Tt 
—______ —-—- < < —/}: 
* 2am + 1) ( 2*<*% 5) 


[3. Approximate Calculation of Fourier Coefficients 


In practical problems, functions which have to be expanded in Fourier 
series are often given as tables or graphs, 1.e., approximately, rather than 
analytically. In this case, the Fourier series cannot be obtained by direct 
application of the usual formulas 


I 

© 
w 

pon 

NO 
\ 
~~” 
\e 


] 2x 
- I, f(x) cos nx dx (n 


a), 
(13.1) 


1,2,...) 


b,=— |" f)sinnxdx | 
n= 2], SO) sin nx dx n 


and we are faced with the problem of calculating a, and 5, approximately. 
(In most cases, it is sufficient for practical purposes to know only the first 
few Fourier coefficients.) To solve this problem, we go from the exact 
formulas (13.1) to approximate formulas, by using the technique of approx- 
imate integration. The usual method is to use the rectangular rule or the 
trapezoidal rule. In our case, the rectangular rule reduces to the following 
procedure: 
Let the interval [0, 27] be divided into equal parts by the points 


0 2m - 1) =, Qn, (13.2) 


and suppose that the values of the function f(x) at these points are known 
to be 
Yoo Vio V20-+ +9 Vm-1s Vm- 


Then we have 


Qa,w — "Ss COS can }1 
n Vk am 5 


1 
2” . Q2kr 

b, 2% = > yy sin —n, 
m 1 


where ~ denotes approximate equality. For example, suppose m = 12. 
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Then, the numbers (13.2) are 


0, 2 = 2, At 
°6 3°59 3° 6” 


3. 6 


In 4m 3n Sm IIn 
6° 3° 7° 3° 6 TT 


Or in degrees 


O°, 30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 
270°, 300°, 330°, 360°. 


In this case, it 1s easy to see that all the factors multiplying the ordinates in 
(13.3) reduce to 


O, +1, + sin 30° = +0.5, + sin 60° = +0.866, 


and it is easily verified that 


6a9 © Yo + Yi + V2 + 3 + Ya t Vs + Yo + V7 + 8+ Yo + Vito + Yur, 
6a; ~ (Yo — Yo) + 0.8660) + Vir — Ys — ¥7) + 9.5072 + Vio — Ya — Vs); 
6a2 ~ (Yo + Yo — V3 — Vo) + 9.501 + Vs + ¥7 + Yur — V2 — Ya — VE — Viods 
643 ~ yo + V4 + Vg — V2 — Vo — Vos 

65, © O.5(¥1 + ¥s — Y7 — Vis) + 9.866(2 + Ya — YE — Yio) + 3 — Vo); 
6b, © 0.866()) + v2 + ¥7 + Vg — Ya — VS — Yio — Via) 

663 © yy + Vs + Yo — 3 — V7 - Vis 

etc. (13.4) 


To simplify the calculations, it is convenient to perform them according 
to the following scheme: First we-write the ordinates yo, y), yo,... in the 
order shown below. Then we form the sum and difference of each pair of 
ordinates such that one ordinate appears below another. (The number zero 
is understood to appear in positions where there is no entry.) 


Yo Yi 2 Y3 Ya Vs V6 
Yi1 Yio Yo Eg V7 


Sum Uy Uy Un Uz Uy Us Us 


Difference V1 U> V3 Ug U5 


Then we write down these sums and differences and form new sums and 
differences in a similar way: 


Up Uy Uy Uy U1 U> U3 
Ug Us Uy Us U4 
Sum So Sy Ay) S53 Sum GG; 97 93 


Difference to Ct) to Difference ™) «7 
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Using these quantities, we can write 


6dy DY So + Sy + S2 + 53, 

6a, X to + 0.8662, + 0.5h), 
6a, Z Sy — 53 + 0.5(5, — 59), 
603 % ty — fo, 

66, ~ 0.50, + 0.8666, 4+ a3, 
6b, ~ 0.866(7, + 7), 

6b, Y 6, — 63, 


instead of (13.4). 

We have given a scheme for carrying out the calculations when twelve 
ordinates are given. If this scheme is used for smooth functions for which 
we know the exact values of the Fourier coefficients, we find that the resulting 
approximate values of the coefficients do, @,, 61, A, bo, a3, 63, are quite close 
to the exact values. To obtain more exact results, and also in cases where a 
larger number of Fourier coefficients are needed, we can use a scheme with a 
larger number of ordinates. The scheme with 24 ordinates is frequently 
used. 


PROBLEMS 


1. Calculate the sums of the following series: 
» 2a 0 Laren 9 2a 


— | = | “ (—1)r+1 
d) >. ne °) 2. (2n + 1)e t) 2 no 
Hint. Use the list in Sec. 12 and Parseval’s theorem (Sec. 3). 


2. Calculate the following integrals: 


a) | In2 (2 sin 5) dx, 
0 2 


b) {" In2 (2 cos 5) dx, 
0 2 

Cc) {" In2 tan = dx. 
0 2 


Hint. Use the list in Sec. 12 and Parseval’s theorem. 


3. Suppose that the function f(x) is continuous and has three continuous deriva- 
tives on the interval [0, x], and (0) = f(x) = 0, f’(0) = f’(x) = 0. Show that 
the Fourier series of f(x) can be differentiated twice term by term, and show 
that the series 

CO 

>, Ibn 

n= | 
converges. 
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4. A function is defined by the series 


f(x) = S (Ses 4 (—1) sn) 


n=l 
Write the Fourier series of its derivative. 
Hint. Use Theorem 2 of Sec. 9. 


5. Show that the function defined by the series 
< SIN WX 
xX — — ] nN SS ee S 
Ie) 2, ( n(Vn + 1) 
is differentiable, and write the Fourier series of its derivative. 
Hint. Use Theorem 3 of Sec. 9. 


(-—m <x < nm) 


6. Show that each of the following functions is differentiable, and write the 
Fourier series of its derivative: 


— n+ | . 
a) F(x) = 2, maent i SIM. FX (O <x < Tt); 


= ne . 
b) f(x) = 2, SP ad Sin x (O< x < nm). 


Hint. Use Theorem 5 of Sec. 10. 
7. Find the sum of the series 
Ss) cosine, 
an? — | 


Hint. Proceed as in Example 2 of Sec. 10. 


8. Improve the convergence of the. following series: 


— i +nt1. ne 
a) 2, nine + 1) on nx b) 2. Pcs ee 
= COS NX 
C) 2, a ba (In this example and those that follow, a > 0); 


n=] 


d) S (— pyri 2 sin HX e) S (— yr ,y FOS MX COS HX. 


n+a n+ae 
n= 1 n= 1 


— sin (2n + 1)x. 
n+a 8) 


n=l n= 1 


Hint. Ina) and b), proceed as in Examples | and 2 of Sec. 11. Inc), d), 


and e), use 
] | 1 7 a ae 
— _. =-(1--+5-::: 
n+ a Hl a 7 H i 


S cos (2n + I)x 


t+ a 


f) 


1 | a? _ | 4a 4 a? 
H n Tn 4 + a) no ne nen + a) 
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divide each series into three series, and use the list in Sec. 12. Inf) and g), use 
_ iL ! __! 3} 
2n+a) 2nt+1l+2a—1 2n+1 2a — | 
1+ 
2n+ | 
2 | ,_ 24-1 (2a — 1)? 
— 2n t+ I 2n+ 1  2(2n + 1)\(n + a) 


divide each series into three series and use the list in Sec. 12. 


9. Show that if f(x) 1s square integrable and if 


fxy~ 2+ Ss (a, COS nx + 6b, sin nx), 
n=] 


then 


1 pxth Ao nah 
7) - f(a) du = > + +> (a, cos nx + 6, sin nx)! nh 


n= 1 


where |h| < x 


10. Show that if f(x) has a square integrable derivative f’(x) and if 


|" feo dx = 0, 
then ° 
[7 reo dx > | [fool ax 


11. Let f(x) have period 2x and Fourier coefficients a, and b,. Show that 


: a [f(x + h) -— f(x — h)}*? dx = 4 S 02 sin? nh, (1) 


n=1 
where p% = a? + b2. Furthermore, show that if f(x) satisfies a H6lder condition 
of order «, 1.e., if there are positive numbers c and « such that 
If(x) — fY)| < cjx — yl* 
for all x and y, then 
TH _CoO- 
sin? — 
> Pn Sin? 5 S yaw’ 


where Cy > 0. (Cf. Ch. 1, Prob. 7.) 
12. Let f(x) satisfy all the conditions of the preceding problem. Show that 


2k 5 
Cc 
2 l , 
a) Pn S J2ak? 
n=142k7! 
2k 
C2 
b) Pr ~< ALInw/ 10 3 
A[a—(1/2)]? 
n=142"7! 2 


oo) 00 | 
Cc) 2, Pn S C2 2 Fk{a—(1/2)) 
n= = 


Use c) to prove that if « > 4, then the Fourier series of f(x) converges absolutely 
(Bernstein's theorem). 


6 


SUMMATION OF 
TRIGONOMETRIC 
FOURIER SERIES 


|. Statement of the Problem 


Given a trigonometric Fourier series 


ado 


5 + > (a, cos nx + 6b, sin nx) (1.1) 


n=} 
about which we know only that it is the Fourier series of some function 
f(x), can we find the function f(x)? If we know in advance that the series 
(1.1) converges to f(x), then we can obtain f(x) as the limit of the partial sums 
of the series. The situation is different when we have not succeeded in 
proving that the series converges or when the series turns out to be divergent, 
for then we either do not know whether or not the partial sums have a limit 
or else we actually know that the limit does not exist. Thus, we have to find 
an operation which allows us to determine a function from a knowledge of its 
Fourier series, regardless of whether or not the series converges. This is the 
problem that will concern us in this chapter. The operation in question 
will be referred to as summation of the series. Summation must not be con- 
fused with the operation of finding the sum of a series which is known before- 
hand to converge, since summation can also be applied to divergent series. 
The problem of summation can also be posed for arbitrary series of 


numbers or functions. Naturally, a properly defined summation operation 
155 
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must always have the property that it gives the sum of the series in the usual 
sense, if the series converges. 


2. The Method of Arithmetic Means 


Consider the series 


Up t+ uy tuo tee tu, teoee,= (2.1) 
and let 
Sy = Ug + Uy +l, 
go, = SOF SPF Sn (n = 1,2,...). 


Hl 


It may happen that whereas the series (2,1) diverges, the quantities a, (the 
arithmetic means of the partial sums of the series) converge to a definite 
limit as 7—> 00. For example, the series 


l-1+1—-14--- 


diverges, but in this case 59 = 1, s; = 0, S55 = 1, 53 = O,..., sothato, = $ 
for even nando, = 4 + (2n)-! for odd xn, and hence 

lim o, = 4. 

N— OD 
More generally, if 

lim o, = 09, 

N—> 0 


we say that the series (2.1) 1s summable by the method of arithmetic means! to 
the value o. 

We now ask whether this method of summation satisfies the requirement 
mentioned at the end of Sec. 1, 1.e., does the number o give the sum of the 
series (2.1) in the usual sense, if the series converges? The answer is in the 
affirmative, as the following theorem shows: 


THEOREM. [If the series (2.1) converges and its sum equals o, then the 
series is summable by the method of arithmetic means to the same number o. 


Proof. Since by hypothesis 


lim s, = 4, 


n— @ 
then for any « > O, there exists a number 7 such that 
E 


ls, — o| < 5 


(2.2) 


! Also known as Cesaro’s method of summation. (Translator) 
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provided that » > m. Now consider 


So + Sp Free + SyW 
c6,-o=- l n—I 


—jno 1" 
= (S;. — G). 
H H 2, 
Forn > m 
l m— | l n—- il 
6, — oO = Hn 2 (S; _ o) + n 2. (S; _ O), 
and hence 
| m— I l n—-l 
_ < — _ _ -~ ol. 
mal < tS In-ol +t > Ino 
Since 71 1s fixed 
| rnr— | 
H 2, sk — 9 2 
for all sufficiently large m. On the other hand, by (2.2) 
— n—-m—le oe 
— Ss. < —————_ = < =. 
n 2 Sk — 9 H 2 2 


Therefore 


lo, -o| <¢ 


for all sufficiently large n, which proves the theorem. 


Of course, the method of arithmetic means Is also applicable to series of 
functions, in particular, to Fourier series. 


3. The Integral Formula for the Arithmetic Mean of the 
Partial Sums of a Fourier Series 


Suppose that 
f(x) ~ = + > (acoskx + by sin kx), 
k=! 


a . . 
5,(x) = > + > (a, cos kx + 6, sin kx). 
k=I 
Then for the arithmetic mean of the partial sums, 1.e., for 


SOX SX ce lx 
o, (x) _ of ) + i) + + Sn 1( ) 
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we obtain 
Ap n-1 nH — k 
G(x) = > + 2. Fa (a, coskx + 6, sin kx). (3.1) 


We can also write an integral formula for c,(x). In fact, as we know from 
(4.1) of Ch. 3 


" ft n yi (17 + 4)u du. 


l 
1 2 sin (u/2) 


Ss W(X) = _ 


and hence 


o,(x) = sil. danud 2 > sin (k + 4)u du. 


We now calculate the sum of sines appearing in this expression. Since 


2 sin 5 sin (kK + 4)u = cos ku — cos (k + 1)u, 


we have 
n— | n—l 
2 sin 5 2. sin(k + 4)u = > (cos ku — cos (k + 1)u) 
k=0 
= | — cos#u = 2 sin2 > 
so that 
n— . 
. sin? (nu/2) 
sin (k + 4)u = ——— u #0). 3.2 
2, ?) sin (u/2) ( ) (3.2) 
Therefore 
, 1 fF yp. sin? (41u/2) 
6,(x) = _ i (x + u) sin? (u/2) du, (3.3) 


which is the desired integral formula. 

We note the following consequence of (3.3). Suppose that f(x) = 1 for 
allx. Thens,(x) = 1 (n = 0,1, 2,...), and hencec,(x) = 1 (@ = 1,2,...) 
so that (3.3) implies 


‘Tt 2 
1=- | ~ | sin? (11/2) At 


_Tsin? (u)) (7 = 1,2,...). (3.4) 


4. Summation of Fourier Series by the Method of 
Arithmetic Means 


THEOREM 1. The Fourier series of an absolutely integrable function 
(x) of period 2x is summable by the method of arithmetic means to f(x) 
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at every point of continuity and to the value 


T(x + 9) + f(x — 9) 
2 


at every point of jump discontinuity. 
Proof. Since 


fix + 0) + fe -9 _ gy 


at continuity points, it is sufficient to prove the relation 


lim o,(x) =e Oe Ie) 


N— 0 


and to show this, it is in turn sufficient to prove that 


. | fr sin2 (7u/2) _ f(x + Q) 
iim TH I f(x + ¥) 2 sin? (u/2) du = 2 (4.1) 
_ 1 /°® in? (71u/2) I(x — 9) 
bm on i (x + 4) sin? ul?) du =“ (4.2) 


[see (3.3)]. Both of these formulas are proved in the same way, and 
hence we shall consider only the first of them. Since the integrand of 
(3.4) is an even function, we have 


l 1 f7 sin? (nu/2) 
~——|{ Sn vue) 4, 
2 = an Jo Tein? (uj2 (4.3) 


so that 


Hx+0) 1 ft, sin? (nu/2) 
220 \, Ix +) sn Guay 


Thus, it follows from (4.1) that we have to prove the formula 


lim — [ [f(x + u) — f(x + 0) ere du=0. (4.4) 


Let « > O be arbitrary. Then, since 


lim f(x + u) = f(x + 0), 


u>x 


it follows that 


[f(x + u) — f(x + 0)| < ¢ (4.5) 
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for0 <u < 8,if 8 > Ois sufficiently small. We now divide the integral 
appearing in (4.4) into two integrals: 


I 


TH 


in2 (nu/2 
[ [f(x + uw) — f(x + 0) erry Me 


sin? (nu/2) 


2 sin2 (1/2) du = I, + I. (4.6) 


] rz 
+ =] fee +) — fx + 0) 
Then (4.5) implies that 


| < e [8 sint (1/2) yc = = sin? (2u/2) 
1 ™ sn Jo 2 sin2 (u/2) m0 2 sin? (u/2) 


whence, by (4.3) 


= 7 
| < a) (4 ) 
for any n. On the other hand 
] ree 
Iz] < Soran bs | f(x + u) — f(x + 0)| du, 
and therefore, for all sufficiently large n 
Ih] < 5 (4.8) 


The formula (4.4) follows from (4.6), (4.7) and (4.8). 


THEOREM 2. The Fourier series of an absolutely integrable function 
(x) of period 2m is uniformly summable by the method of arithmetic means 
to f(x) on every interval [«, 8] lying entirely within an interval of con- 
tinuity [a, b] of f(x). 
Uniform summability on [z, 8] means that for any < > O and any x in 
[x, 8], there exists a number AN such that 


fi (x) ~ 6,(X) | < ¢g, 
provided that n > N. 
Proof. Let x lie in the interval [«, 6]. Then, using (3.3) and (3.4), 


we can write 


o,(x) — f(x) = i i f(x +0) — fo] sin? (1u/2) 


TH 7 2 sin? (1/2) du=J+ j, (4.9) 


where J denotes the integral from 0 to 7, and / denotes the integral from 
—r~to0. Let 6 > 0 be so small that 


f(x + u) — fQX)| < 5 (4.10) 
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for any x in [z, 6], provided that [|u| < 3. [It was to guarantee the 
existence of such a 8 that we required that the interval [«, 8] should lie 
entirely within a larger interval [a, 6] of continuity of f(x).] 

Now let M denote the maximum of | f(x)| on [z, 8], and consider 


sin? (7u/2) 


8 
J= I, [f(x + u) — f(xy] 7 sin2 (u/2) du 


| 
— n? (nul?) (4.11) 
+ | Ue +) — SO] Faery = + he 


TH 8 
Then, by (4.10), the inequality 
€ 
il <4 
holds for any x in [«, 8]. [See the proof of the inequality (4.7).] On 


the other hand, for any x in [a, 8], we have 


] T 
[To] < mre h f(x + u) — f(x)| du 


] rm 
< Inn Sin2 (5/2) ([ f(x + u)| du + nM). 


Here, the term In parentheses 1s a constant, and hence there exists an N 
such that the inequality 


<= 

|7| S 4 
holds for ally = N. But then, by (4.11) 
<= 
J ™~ ? 


for all » > N and any x in [a, B). 

A similar inequality can be proved for the integral j, by using the 
same method. The proof of the theorem is then completed by using 
(4.9). 


Theorem 2 has the following remarkable consequence: 


THEOREM 3. The Fourier series of a continuous function f(x) of period 
27 is uniformly sunimable to f(x) by the method of arithmetic means. 


To emphasize the power of the theorems just proved, we recall once more 
that the Fourier series of even a continuous function f(x) may be divergent, 
so that the partial sums of the Fourier series may be bad approximations to 
f(x). However, if f(x) is continuous, the arithmetic means of the partial 
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sums, i.e., the sums of the form (3.1) will be uniform approximations to 
f(x). 

The theorems just proved can be used to make certain questions con- 
cerning the convergence of Fourier series more precise. Thus, Theorem | 
and the result of Sec. 2 imply 


THEOREM 4. If the Fourier series of an absolutely integrable function 
f(x) converges at a point of continuity of f(x) (or at a point of jump dis- 
continuity), then its sum must equal f(x) (or 4[ f(x + 0) + f(x — 0)J). 


THEOREM 5. Jf the Fourier series of an absolutely integrable function 
f(x) converges everywhere, except possibly at a finite number of points, 
then its sum equals f(x), except possibly at certain points. 


Theorem 5 reduces to Theorem 4 if we recall that an integrable function, 
as we understand the term, can be discontinuous only at a finite number of 
points. 

Finally, Theorem | also implies that given the Fourier series of an 
absolutely integrable function f(x), the method of arithmetic means can be 
used to reconstruct f(x) at all its continuity points, 1.e., everywhere except 
possibly at a finite number of points. Therefore, we have the following 
important proposition, which generalizes Theorem 3 of Ch. 5, Sec. 3: 


THEOREM 6. Any absolutely integrable function is completely defined 
(except for its values at a finite number of points) by its trigonometric 
Fourier series, whether or not the series converges. 


5. Abel’s Method of Summation? 


Consider the series 
Uy + uy + Ug +--+ + Uy +°°: (5.1) 
and also the series 
Uy +uyr + ure +--+ + uri t-:-- (5.2) 


We assume that the series (5.2) converges for 0 < r < 1 [which will always 
be the case if the terms of the series (5.1) are bounded] and that the limit 


lim o(r) = 


r—>I| 


exists, where o(r) is the sum of (5.2). In this case, we say that the series 
(5.1) 1s sunmable by Abel's method to the value o. 


2 Equivalently, the ““method of convergence factors’ = Russian ‘“‘metoa crenneHbIx 
MHOMKHTesIcH.”” (Translator) 
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Abel’s method can be used to sum certain divergent series. For example, 
the series 
lI-—-I+I—-14.--- 
already encountered in Sec. 2 is summable by Abel’s method to the value 
o = 4, as well as by the method of arithmetic means. In fact, in this case 


l 
I+ r 


b 


and therefore 


lim o(r) = 4. 


r—> | 


We now ask whether Abel’s method of summation gives the sum of the 
series (5.1) in the usual sense, if the series converges. The answer 1s in the 
affirmative, as the following theorem shows: 


THEOREM. Jf the series (5.1) converges and its sum equals o, then the 
series is summable by Abel's method to the same number o. 


Proof. If the series (5.1) converges, then by the Lemma of Ch. 4, 
Sec. 6, the series (5.2) converges and its sum o(r) Is continuous on the 
intervalO < r < 1. This means that 


lim o(r) = o(1) = 6, 


r— | 


which proves the theorem. 


6. Poisson’s Kernel 


We now calculate the sum of the series 


l e @) 
5 + > rcosno (O<r< 1). 


n= | 


To do this, we consider the series 


= - 
+ > z", z= r(coso+ising). 
n= | 


Nol 


Since |zZ]} =r < 1 


< | : l+c l+rcoso + irsing 
+ = 5 + 7 _.>. — oe 
2 2 i|-z 2WW-—z) 2 —rcose — irsin go) 


Nol 


_ (L+rcose + irsin el — rcos¢ + irsin 9) 
7 — 2([(l — rcos)* + r? sin? o] 

— t-r? + 2irsing — 

— 2d — 2rcose@ + r?) 
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On the other hand 


9 0) 


l < l . 
= + > maa + > r" (cos no + i Sin no). 


n= I n= | 


Therefore 
= | | — r 
“fl __ — ———————=E—_{[“<__—_——————— < ° 
t » ESOS NP 21 — 2rcos@ + r (Osr<}, 6D 


n=1 


NO] — 


and at the same time we have also obtained the formula 


(o 8) 


> r’' sin np = 


n=] 


r sin © c 
1 — 2rcos@ + Pr (O<r< 1). (6.2) 
The function 


1 — r2 


1 — 2rcosg + r 
of the variables r and ¢ is called Poisson’s kernel. It should be pointed out 
that Poisson’s kernel is a positive quantity, since 


1-r2>0, 1—-2rcso+r=(l—n?2+ 4r sin? $ > 0, (6.3) 


forO <r < l. 


7. Application of Abel’s Method to the Summation of 
Fourier Series 


Let f(x) be an absolutely integrable function, and let 
f(x) ~ > + > (a,cos nx + 6, sin nx). (7.1) 
n=l 


Consider the series 


f(x, r) = s f+ > r(a, cos nx + 56, sin nx), (7.2) 


n= |] 


whereO < r < 1. This series converges, since a, > 0 and b, ~ 0Oasn—> o, 
and therefore 


CA < M, |5,,| < M (i — l, 2, oe _ M = const), 
Ir(a,, cos nx + 6, sin nx)| < 2Mr, 


where 2Mr” is the general term of a convergent series, since r < 1. If 
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lim f(x, r) exists, this means that the series (7.2) is summable by Abel’s 
r—| 


method. 
For convenience in studying the properties of this kind of summation, 
we first represent the function f(x, r) as an integral. Recalling that 


] fz 
An = = iz f(t) cos nt dt (71 


I 
© 
N 
— 


I 
meee) 
we 
NO 
Ne 
we’ 
we 


1 (7 . 
b, = - i S(t) sin nt at (11 


we can write 


f(x, r) = - if f(t) dt + - S rn r f(t) cos nt — x) dt. (7.3) 
- Soma 7 


But for fixed r < 1 and x, the series 


| {e @) 
= > r' cos n(t — x) 


n= Ii 


No 


converges uniformly in ¢ (since its terms do not exceed in absolute value the 
corresponding terms of the series 


l CO 
Bt 


which is known to converge) and can therefore be integrated term by term. 
Thus, the series 


fo + S rn f(t) cos n(t — x) 


n=] 


can also be integrated term by term, and instead of (7.3), we can write 


f(x, 1) = - [" £0 E + S r'cos nt — »)| dt 


n= | 
OT ec 


1 — r 
To ocos ay np O<r<] 7.4 
fon =— 7 SO <<) 4) 
if we use (6.1). In this way, we have written f(x, r) as an integral known as 
Poisson’s integral. It should be noted that if f(x) = 1, then ap/2 = 1, 
a, = 0, b, = 0, and hence f(x, r) = 1, so that (7.4) becomes 


1 7 1 — r 


“IglnTodeost—- wen O<r<I. OS) 
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THEOREM |. Let f(x) be an absolutely integrable function of period 
2r. Then 


lim f(x, r) = f(x) 
r— | 
at every point where f(x) is continuous, and 


lim f(x, r) = fet + Ie 9 


at every point where f(x) has a jump discontinuity. 

In other words, the Fourier series of f(x) 1s summable by Abel’s 
method to the value f(x) at every point of continuity of f(x) and to the 
value 4[ f(x + 0) + f(x — 0)] at every point of jump discontinuity of f(x). 


Proof. Set t — x = uin (7.4). Then 


fo) = 52 PO foe + ae te 
MD Oe Jig TM 1 — 2rcosu + ré 
or, since the integrand 1s periodic 

fend=—) fe tw od 786) 

aod wore 2rcosu + r2 ) 
Similarly, we can write 
T — pre 
l= J a du (7.7) 


2m 4-2 1 — 2rcosu + r2 


instead of (7.5). Since 


fx+ 9 +IE-% _ py 


at the continuity points of f(x), it is sufficient to prove that 


lim f(x, r) = fat) tie © 


at every point where the right-hand and left-hand limits exist, and to 
show this, it is in turn sufficient to prove the formulas 


|. T(x + 4) a du = 1049) (7.8) 


— 2rcosu + r2 


— 1 po | — / f(x — 0) 
in Ef nern pas as 


— 2rcosu + r2 


Both of these formulas are proved in the same way, and hence we shall 
consider only the first of them. 
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Since the integrand in (7.7) is even (in uw), the relation 


1 7 1 — r2 
--) SS (7.9) 
holds, so that 
fx+0) 1 pry. 1-7 
2 = |S + 0 M 


Therefore, instead of (7.8), we can prove the formula 


= | Lf + 0) — fe + 0] 


Let « > 0 be arbitrary. Then, since 
lim f(x + u) = f(x + 0), 


u>x 


r2 


Se = 0. (7.10) 


it follows that 
f(x + u) — f(x + 0)| < (7.11) 


forO0 < u < 6,1f 6 > Ois sufficiently small. We now write the integral 
in (7.10) as the sum of two integrals 


Af fee + w) — f(x + 0) a tu 
27 4 0 | — 2rcosu + r? 
ra9 r2 


ml, Ve +) ~ Se + ia 


Since Poisson’s kernel is positive, it follows from (7.11) that 


5 1 — r —e [™ 1 — r 
a < a 
Il < =|, T— drcosu are WM <=) 


(7.12) 


du= 1, + I>. 


or, if we use (7.9) 
il < ; (7.13) 


foranyr(O <r<_1). On the other hand 


In| < maak f(x t+ u)—f(x +0) du (7.14) 


[see (6.3)]. Noting that 
1 — r 


lim = 0 


r—]| r 


for all r near enough to 1, we find that 
Ih] <5 (7.15) 


The formula (7.10) now follows from (7.12), (7.13) and (7.15). 
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THEOREM 2. The Fourier series of an absolutely integrable function 
f(x) of period 2x is uniformly summable by Abel’s method to f(x) on 
every interval {a, B] lying entirely within an interval of continuity [a, 6) 
of f(x). 

Uniform summability on [«, 8] means that for any <« > 0 and any x 
in [«, Bj, there exists a number rp (0 < ro < 1) such that the inequality 
ro <r < 1] implies the inequality 


f(x) — fQ,n)| < «. (7.16) 
Proof. Because of (7.7), we can write 


fx) = £00) 
=2f e+ - 0) peu ati ID 


where J is the integral from 0 to z, and / is the integral from —7 to 0. 
We can choose 6 > 0 to be so small that 


fx +) — fO)| < 5 (7.18) 
for any x in [a, 6], provided that |u| < 3. Now consider 


] — r2 , 
1 — 2rcosu + r2 


= = [Uf +9) — F001 


= | [f(x + u) — f(x)] a du = 1; + Ip. 


— 2rcosu + r2 


By (7.18), we have 
& 
i] < A 


for any x in [a, B] [cf. the proof of the inequality (7.13)]. On the other 
hand, for any x in [a, B] we have 


— y2 ra 
hl < gaara |, We + 0 = feo] du 


1 — r x 
S aa (5/2) ({* [f(x + u)| du + Mr); 


[cf. (7.14)], where |f(x)| < M = const, for « < x < B. [Recall that 
(x) is continuous on [«, B]!] Since the term in parentheses is a constant, 
there exists a number rg (0 < rp < 1) such that the inequality ro < 
r < 1 imphies that 


E 
< — 
|7| _ 4 
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for any x in [a,@]. But then 


<t 
| <5 
fortfg<r<la<x< 8B. 
A similar inequality can be proved for the integral /, and then (7.16) 
follows from (7.17), which proves the theorem. 


Theorem 2 implies the following result: 


THEOREM 3. Jf f(x) is a continuous function of period 2n, then 
T(x, r) > f(x) as r— 1, unifornily for all x. 


In other words, the Fourier series of a continuous function f(x) of period 
2m 1S uniformly summable by Abel’s method to f(x). 
We now cite without proof the following remarkable theorem: 


THEOREM 4. Jf an absolutely integrable function f(x) of period 2x 
has a derivative f°™ (x) of order m at the point x, then the series obtained 
by differentiating the Fourier series of f(x) mi times term by term is 
summable by Abel’s method to the value f(x). 


It should be noted that when we differentiate a Fourier series term by 
term, we do not In general obtain the Fourier series of the derivative, even 
if the derivative exists for —m < x < m. Moreover, as arule, term by term 
differentiation gives series whose coefficients do not approach zero (and 
such series can be shown to diverge) or even approach infinity. Thus, for 
example, we know that 


5 = > (—1)"*! —— (—-™ < xX < 7). 


n= i 


Term by term differentiation of this series gives 


> (—1)"*! cos nx, (7.19) 


n=! 


and another differentiation gives 


— > (-1"*! asin nx. (7.20) 


n=] 


According to Theorem 4, the series (7.19) is summable to $ for -tm < x < t, 
and the series (7.20) 1s summable to 0. 

Thus, while from the standpoint of ordinary convergence, the legitimacy 
of term by term differentiation of a series can only be guaranteed by rather 
strong requirements, Theorem 4 shows that from the standpoint of Abel’s 
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method of summation, term by term differentiation of a Fourier series (a 
number of times equal to the differentiability of the function itself) is always 
legitimate, even if the resulting series turns out to be divergent. 


PROBLEMS 


1. Sum the following series by the method of arithmetic means: 


l 


(e @) 
a) + > COS NX, b) > sin nx. 
n=} 


Hint. For a) use formula (3.2) of Ch. 6, for b) use formula (2.1) of Ch. 4. 


NO] 


2. Show that Abel’s method of summation gives the same answer as the method 
of arithmetic means for the series in Prob. 1. 


3. Show that for 0 < r < 1, the two series 


oO 00 


+ > r” COS NO, > r™ sin n@ 


n=! n=l 


Ni 


can be differentiated term by term any number of times with respect to r and 9. 
4. Sum the following series by Abel’s method of summation: 


a) 1-24+3-4+4--, 


b) p— 2p? + 3p? — 4p4 +---, |p| < 1. 
Hint. 
1—2r4+ 3r°-4r4+---= -( ~ rt PoP tena aig 
l 

— 2p2 + 3n3pr2 — 4,3 coe se", 

p pr pr 4ptr? + (+ pr? 
5. Calculate the sum of the convergent series 

> np" COS nx, lp| <1. 


n=] 
Why is this series convergent? 
Hint. 


pcos x + 2rp2 cos 2x + 3r2p3 cos 3x +-:- 


0 [| 
=> (; + rpcosx + r*p* cos 2x + r3p3 cos 3x $e] 


Or \2 
_2 (5 | = r'pt 
Or \2 1 — 2rpcosx + r@p2 
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6. Let f(x) be square integrable, with Fourier series 
a CO 
0 ; . 
7 + ., (a, cos kx + 6b, sin kx), 


and let o,(x) be the arithmetic mean of the partial sums of the Fourier series of 
/(x), as in Sec. 3. Prove that 


] m J ‘ ” 9 . 2 9 
= | [o) -f@Pde= = > kai+ oat DS (az + Bp. 
k=] k=n+1 


7. Sum each of the following series by the method of arithmetic means and also 
by Abel’s method: 


a) 14+0-14+14+0-14:::; 

b) 14+04+0-14+0+04+1+4+0+0-1+4:::; 
c) 1-24+3-4+5-6+4+7---: (cf. Prob. 4a); 
d) 1 — 24 + 32 — 44 +4 57 -— 64 +-:-:-; 

e) 1:2-—2-34+ 3-4-4554 5-6—---. 


8. With the notation of Sec. 2, show that if wy + mw) + Wo +---+ uu, +°-° IS 
summable by the method of arithmetic means, then s,,/n — 0. 


9. Let uy + uy) + Wy +--+ +u,+--- be summable by the method of arithmetic 
means, and let ¢, = uv, + 2u. +---+ nu,. Show that 


a) The series wy + ) + Wo +-->+ u, +--+ is convergent if and only if 
t,/u—> 0; 


b) If nu,,— 0, then the series ug + uy + Up +-°++ U, +°°> IS CONVergent. 


10. With the notation of Sec. 2, show that 


cO oO 
a) > u,x"? = (I — x) > 5X"; 
n=0 n=0 
cO oD 
b) > yx" = (1 — x) > ( $ Dong 1X”. 
n=0 n=0 


11. Let > u,, be summable to the value S by the method of arithmetic means, 
n=0 
and let 
ox) = Do mar <x < J). 
n=O 
Show that 


g(x) — S= (1 — x)? D> r+ WG rai — SD". 
n=0 
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Now let « > O be given, so that by assumption, there is an integer N such that 
if n > N, then |o,,, — S| < e. Show that 


N oa) 
lox) — S|] < 1-2/2? > (et Dioner — S] + ell -— x12 D> G+ Dax, 
n=0 n=N+1 


and hence that 


lim |o(x) — Sl < e, ie, lim py) =S. 
x1 x—1 


Comment. It follows that a series which is summable by the method of 
arithmetic means is summable to the same value by Abel’s method. 


/ 


DOUBLE FOURIER SERIES. 
THE FOURIER INTEGRAL 


I. Orthogonal Systems in Two Variables 


Let R bea rectangle in the xy-plane described by the inequalities a < x < b, 
c < y < d, and let 


OAx,y) (2 =0,1,2,...), (1.1) 


be a system of continuous! functions defined on R, none of which vanishes 
identically. The system (1.1) 1s said to be orthogonal if 


J | ales V)On(x, y) dx dy = 0 


provided that 1 # m. The number 


lenll = Tf, fees) ax ay I. | 2G. y) ax dy (1.2) 


is called the norm of the function 9,(x, y). The system (1.1) 1s said to be 
normalized if 


lo, || = 1 (n = 0,1, 2,...) 


or equivalently 


I. | 20x, y) dx dy = 1 (n = 0,1, 2,...). 


1 Instead of continuous functions, we can also consider square integrable functions, as 
in Ch. 2. 
173 
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Every orthogonal system can be normalized, i.e., constants yu, (” = QO, 
1, 2,...) can always be chosen such that the new system of functions 


Ln Pn(X; y) © — 0, I, 2, a )s 


which is obviously still an orthogonal system, 1s also normalized. In fact, 
it is sufficient to set 


Just as in the case of one variable (see Ch. 1), we can associate a Fourier 
series with every absolutely integrable function f(x, y) defined on R, L.e., 


f(x, Y) ~ Copolxs Y) + crpilx, Y) + Crpalx, Y) + °° (1.3) 
+ CrPAX, Y) He, 


where 


|, | F(X, V)Palx, y) ax dy : J.J SOs Deus 9) dx dy 


C, = 


In the case where the equality holds in (1.3) and the series on the right con- 
verges uniformly, we find the expression (1.4) by multiplying (1.3) by each of 
the (continuous) functions 9,(x, y) and integrating term by term. The 
quantities c, given by (1.4) are called the Fourier coefficients of f(x, y). 

In approximating any square integrable function f(x, y) by a linear 
combination of functions of the system (1.1), we find that the Fourier 
coefficients give the least mean square error, in the way described for functions 
of one variable in Ch. 2, Sec. 5. Moreover, we also have Bessel’s inequality 


J, JP) dx dy > > elon? (1.5) 


where if the equality sign holds for any square integrable function, the 
system (1.1) is said to be complete. All the properties of complete systems 
proved for functions of one variable in Ch. 2, Secs. 7 and 8, are still valid. 
The completeness criterion of Ch. 2, Sec. 9 1s also valid (properly rephrased 
for the two-dimensional case, of course). 

The reader who has carefully read this section and Ch. 2 will see clearly 
how to generalize all that has been said about orthogonal systems to the case 
of functions of any number of variables. 
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2. The Basic Trigonometric System in Two Variables. 
Double Trigonometric Fourier Series 


The functions 


1, COS mx, SIN MIX, COS NY, SIN HY, ..., 
COS 1X COS NY, SIN Mx COS Ny, (2.1) 
COS mx SIN Ny, SIN mx Sin Ny,... Ga = 1,2,...3; n = 1,2,...) 


form the basic trigonometric system in two variables. Each of these functions 
is of period 2x both in x and y. The functions of the system (2.1) are 
orthogonal on the square K(—-nx < xX < 7, —m™ < yp < 7), as Well as on any 
square of the form (a < x <a+2n7,6< yp < 64+ 2x). In fact 


ial l-cos mx dx dy = [" dy \ cos mx dx = 0 


—T 


and similarly 
{| l-sin mix dx dy = {J l-cos ny dx dy 


= |_| L-sin ny dx dy = 0. 


Moreover 
|_| (cos mx cos ny) (cos rx cos sy) dy 


ve Tt 
= | COS 1X COS rx ( | COS Ny COS Sy dy) ax 
—r —T 


Tt ne 
- | Cos mx cos rx dx | cos ny cos sy dy = Q, 
—T 


—T 


ifm #rorn#-s. The orthogonality of any pair of different functions of 
the system (2.1) is proved similarly. A calculation of the norms gives 


sin 772 || | 
|cos ny|| = |sin ny|| = V2 7; 


1 || = 273 |[cos mx | 


|cos mx cos ny|| = ||sin mx cos ny| 


|cos mx sin ny|| = ||sin mx sin ny = zm. 


ll 


For the Fourier coefficients of the function f(x, y) defined on K, we obtain 


f(x, ») dx dy 
Aoo = [dfn = 75 [sey avay, 
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[| fG. y) cos mx dx dy 


cos mx ||? 


mQ 


= a3 | [ex y) cos mx dx dy (m = 1, 2,...), 


| | fe. y) cos ny dx dy 
oe cos ny]? 
I 
=55| [fe cos ny dx dy (1 = 1, 2,...), 
| [fe y) sin mx dx dy 
mo = sin mx ||2 


=55| [fe y) sin mx dx dy (m = 1,2,...), 


I. | f(x, y) sin ny dx dy 


on [sin ny || 


I ; 
= = || Se y) sin ny dx dy (n = 1, 2,...), 


and similarly, 


“ | | fe. y) cos mx cos ny dx ay, 


l. . 
ban = = [| fe. y) sin mx cos ny ax dy, 
(2.2) 


] . 
Cmn = 75 [J I(x, y) cos mx sin ny dx dy, 


l . . 
dinn = = [J F(x, y) sin mx sin ny dx dy, 


form = 1,2,... andn = 1,2,.... 

Instead of Apo, one usually writes 4a99, and then agg can be found by 
using the first of the formulas (2.2), with m = 0,n = 0. Similarly, if instead 
Of A,,0, Aon Byo, and Bo,, one writes 44,9, 449,, 400, and 4¢o,, respectively, 
then Amo, Aon, Ono, and Co, can likewise be found by using the appropriate 
formulas (2.2). 
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With this notation, the Fourier series of f(x, y) can be written in the form 


\ 


00 
I(x y) ~ > AmnlAmn COS mx cos ny + 6,,, Sin mx Cos ny 
mine | o (2.3) 
+ Cm, COS mX SIN Ny + d,,, SIN mx sin ny], 
where 
4 for m=n=0, 
Amn = £% for m>0O0,n =Oorm=0,n > O, 
1 for m>0O,n > 0, 


and the coefficients @,,,, Binns Cmn» and d,,, are calculated by the formulas 
(2.2) for m = 0,1,2,... and» =0,1,2,.... 

The Fourier series of f(x, y) can be written more compactly in the complex 
form 


L(V ~ > Cugeieretnr), (2.4) 


m,n=— 0 


where 


I . 
Cnn = A72 [| fo. ye itmxtny) ax dy 


(m = 0, +1, +2,...; n= 0, +1, +2,...). 


(2.5) 


We leave the proof of this result to the reader [it is recommended to go from 
(2.4) to (2.3)]. 

As in Ch. 5, it can be shown that the system (2.1) is complete. This 
means that 


. | £20x, y) dx dy = 477 ABy + 2 QnA, + > In? A? 


+>2 2m? B24 + Ss 2n* Bs, 


m=] n= 1 
+> Ann + mn + mn + Amin)» 
so that 
= {J I*x, y) dx dy = Ss hnn(@2, + b2, + ¢2, + d2,). (2.6) 


m,n=0 


Formula (2.6) expresses Parseval’s theorem for the case of two variables. 
The analogs of all the results implied by the completeness of the trigono- 

metric system (proved in Ch. 5 for the case of one variable) remain valid, 

provided that we suitably modify the way in which the results are stated. 
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3. The Integral Formula for the Partial Sums of a Double 
Trigonometric Fourier Series. A Convergence Criterion 


Suppose that we have an expansion of the form (2.3), where it 1s assumed 
that f(x, y) is of period 2x both in x andin y._ If f(x, y) 1s defined only on 
K, we extend it periodically (with respect to x and y) onto the whole xy-plane. 
Now let 


Smmmn(X, Y) = > > Auv[Ayy COS UX COS vy + H,, SIN WX COS vy 


uw=0 v=0 
+ C,, COS ux Sin vy + d,, sin wx sin vy]. 


The quantities s,,,(x, y) (am = 0,1,2,...3; » =0,1,2,...) are called the 
partial sums of the double Fourier series. According to (2.2) 


1 2 n 
SinnlX, y) — a) 2, 2, Auy [| fe, t) COS UL(S _ x) COS v(t _ y) ds dt 
w=0 v= 


Mh 


l l l 
=— I(s, t) F + cos u(s — »)| F + cos v(t — »)| ds dt. 

2 id 2 2 2 2 
Recalling the formula for the sum of cosines (see Ch. 3, Sec. 3), we have 


| sin [7 + 3)(s — x)] sin [(n + Ht — y)) 
Sinn(X;, y) — x2 [_[ fo, t) —Fanl - wasn (— p/ ds dt. 


Setting s — x = u, t — y = v and using the periodicity of the integrand, we 
obtain 


sin [(m + 4)u] sin [(7 + 4)v] 


4 sin (u/d sin (of A 


| 
Sinn(X, y) — 2 [| fe tu, Y + v) 
This formula is completely analogous to the corresponding formula (4.1) of 
Ch. 3, proved for the case of one variable. 


The following result can be proved by a method similar to that used in 
Ch. 3, Secs. 6 and 7: 


THEOREM. Let f(x, y) be a continuous function defined on a square K, 
with bounded partial derivatives of/ox and Of/oy. Then, the Fourier 
series of f(x, y) converges to f(x, y) at every interior point of K in a 
neighborhood of which the mixed partial derivative 62f/0x0y exists. If 
T(x, y) is of period 2x in x and in y and has continuous partial derivatives 
Offox, Of/ey, 02f/exey, then the Fourier series of f(x, y) converges to 
F(x, y) everywhere. 


For the reader who is not accustomed to dealing with double series, we 
make the following remark, to avoid confusion: The formula 
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1° @) 


fy, y) = > AmnlAmn COS mx cos ny 4+ B,,,, SIN mx COS NY 
m,n=0 


+ Cyn COS 1X SIN Hy + d,,,,, SiN mx Sin ny] 
means that 


lim SmnlX, y) = f(x, y), 


nri— CO 
ri—>» OD 


or more precisely, that given any <« > O, there exists a number WN such that 
the inequality 


ISO, y) a Smn(X; y) < ec 


holds for m 2 N, » > N. AIMl that has been said above concerning the 
square K (-xn7 <x < 7m, —7 < y < 7) IS also applicable to every square 
O(a<x<at+2n,zb<x< b+ 2). 


Example 1. Expand the functionf(x, y) = xy for -nt << x<1,-mM<y<nm 
in double Fourier series. The formulas (2.2) give 


Qnin — bmn —= Cmn — 0, 


4 
— {(__y.yrtn _ 
Ann _ ( 1) mn 


Using the preceding theorem, we can write 


sin 1x Sin ny 


a (—tT< x<7, —-T7< yp <7). 


— 4 S (—1)"*" 
m,n=] 


Example 2. Expand the same function in the square) < x < 2n7,0 < y < 2m. 
The formulas (2.2) give 


Ago = 4r?2, with the remaining a,,,, = 0, 


nr . _ 

bn0 = — oot with the remaining 8,,,, = 0, 
4n , _ 

Con = — with the remaining c,,,, = 0, 


d= Qa = 1,2,...; n= 1,2,...). 


nh 


Therefore we have 


on 


xy =7?2—2n > 


m= l 


— 2 5 SIM —— 44 Ss sin sn mx Sin) “(0 < x < 2n,0<y < 2n). 


sin 177X 
1 


n=] mi n=1 
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4. Double Fourier Series for a Function with 
Different Periods in x and y 


A problem which frequently arises in the applications 1s that of expanding 
in a double trigonometric series a function f(x, y) defined on a rectangle 
R(-l<x<l,-h< y <A), or perhaps a function defined for all x and 
y, with period 2/ in x and period 2h in y. This problem can be reduced 
to the problem already considered by making the substitutions u = rx/I, 
v = ty/h, since then the function 


has period 27 in both u and v. 
If we have 


co 


o(u, Vv) ~ > AmnlImn COS Mu cos nv + Bb, sin mu cos nv 


m,n=0 
+ Cn, COS mu sin nu + d,,, Sin mu sin nv}, 


then, returning to the original variables x and y, we obtain 


T(x, y) ~ > , Amn ja Amn COS > cos — + Brn SIN — cos —_ 


C,,, COS —— —_td —— 
+ Cmn j sin ; + d,,, Sin ; sin 7 


TNX mny TMX. | 
> 


where 


my 


Ann = af. | £0. y) cos ~ 7 “cos j dx dy, 


and so forth. In this case, the complex form of the Fourier series becomes 


POD ~ DY Come eed 
> nmin 


m,n=— © 


where ? 


_— iv [((mx/1) + (ny/h)) 
Con = ar ff Fee Yer dx dy 


(m= 0, +1, +2,...; n =0, +1, +2,...). 


All the results of Secs. 2 and 3 remain valid in the present case, provided 
we appropriately change the way in which the results are stated. 
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of the variable A over the interval [0, +0o]. Therefore, it is natural to 
expect that as /-> o, (5.4) goes into an improper double integral, 1.e., 1t can 
be anticipated that we have the formula 


f(x) = - {~ dx i; f(u) cos A(u — x) du. (5.5) 


[instead of (5.3)]. Of course, this argument is not rigorous, but at least we 
now know what formula to expect. It will be proved below that (5.5) is 
actually valid, with our assumptions concerning f(x) (and even with somewhat 
weaker assumptions). In this regard, we point out once more that in (5.5) 
we have to write 4[ f(x + 0) + f(x — 0)] instead of f(x) at points where 
f(x) 1s discontinuous. 

The inner integral in (5.5) 1s called the Fourier integral, and the entire 
formula is called the Fourier integral theorem. Using the formula for the 
cosine of a difference, we can write 


fx) = \ [a(a) cos Ax + (A) sin Ax] dr (5.6) 


instead of (5.5), where 
1 fa ] ro ; 
a(n) = = iZ flu) cos ru du, (A) = = \ flu) sin dru du. (5.7) 


The reader will immediately notice a resemblance between (5.6) and a 
Fourier series: The sum has been replaced by an integral and the formula 
involves a continuously varying parameter A instead of the integral parameter 
n. Moreover, the coefficients a(A) and b(A) are quite like Fourier coefficients. 


6. Improper Integrals Depending on a Parameter 


Consider the integral 
[> Fx, 2) dy, (6.1) 


and suppose that it is convergent fora < A < 6. We shall say that it is 


uniformly convergent fora < x < Bif for every « > O, there exists a number 
L such that 


i" F(x, A) dx 


< ¢, (6.2) 


for all / > Land for allA(« < A < 8B). 
We begin by proving the following result: 


A necessary and sufficient condition for the integral (6.1) to be uniformly 
convergent is that for every sequence of numbers 
Xp = A< xX) < ND << NX, <e, 
(6.3) 


lim x, = ©, 


ri—> @ 
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the series 


oe) xy X9 
[° FG, 0) dx = [FG dx + fF, 2) dx 4 
Qa “XO xy 


- (6.4) 
+f FQ, dx $e, 


whose terms are functions of i, should be unifornily convergent fora <r < 8. 


The proof goes as follows: If (6.2) holds, then for x, > L we have 


| {° F(x, 2) dx — 5 [* FO,» dr 


k=] °*k-1 


— | | ° F(x, 4) dx — {" F(x, A) dx 


(6.5) 
=| f° FG,» as < « (a <A < 8), 


which means that the series (6.4) is uniformly convergent. Conversely, 
Suppose that the series (6.4) is uniformly convergent for every sequence of 
the form (6.3). Then, if the integral (6.1) were not uniformly convergent, 
this would imply the existence for at least one < > O of arbitrarily large 
numbers x, < x» <-:+:< x, <--:-, such that 


[° Fe dx > (n =1,2,...) 


for each x; (i = 1,2,...) and some A. But this is impossible, since 1f we 
choose these values of x; as the sequence (6.3), then (6.5) must hold for 
sufficiently large ». This contradiction shows that the integral (6.1) 1s 
uniformly convergent. 

This result implies 


THEOREM 1. Jf F(x, 4) is continuous, regarded as a function of two 
variables (or if F(x, ) has discontinuities at a finite number of values of 
x in each finite interval, while remaining integrable with respect to x and 
continuous in ») and if the integral (6.1) is uniformly convergent for 
a<A < B, then the integral is a continuous function of d. 


Proof. Every term of the series (6.4) is a continuous function of A 
(by a property of integrals with finite limits), and since this series 
converges uniformly, its sum, 1.e., the integral (6.1), is a continuous 
function. 


THEOREM 2. With the hypotheses of Theorem 1, we have 


[- an [ B(x, A) ax = [° ax [" F(x, A) da. 
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Proof. Because of the uniform convergence of the series (6.4), it 
can be integrated term by term, and the order of integration can be 
interchanged in every term (this ts legitimate for finite intervals). Thus, 
we obtain 


C 00 x *p xs (6 
) di ) F(x, A) dx = . dx \ F(x, A) dx + \ dx | F(x, A) dX +--: 


. XN c C 
lim | dx | F(x, ») dh = | ” ax | F(x, 2) dh. 

THEOREM 3. Suppose that F(x, ) is continuous, regarded as a function 
of two variables, and has a continuous partial derivative OF(x, \)/Od. 
Suppose further that the integrals 


| °F (x, A) dx, | ont) dx 


a 


exist and that the second of them is uniformly continuous for « <  < 8B. 
Then we have 


0 fa pe OF (x, A) 
al Fade =| dx @ <r<B) 66) 
Proof. The series 
x; OF (x, 4) xo OF(x, i) —__ f@ GF(x, A) dx 
I a I m Ot = | aR 


whose terms are the derivatives of the corresponding terms of the series 
(6.4) (since for finite intervals, differentiation under the sign of integra- 
tion 1s legitimate), 1s uniformly convergent. But then we are justified 
in differentiating (6.4) term by term (see Theorem 2 of Ch. 1, Sec. 4). 


The next theorem gives a very useful criterion for the uniform convergence 
of the integral (6.1): 


THEOREM 4. If fora <A <8 
F(x, D1 < fQ) 


and the integral 


[° feo] ax 


exists, then the integral (6.1) is uniformly convergent. (The requirements 
on F(x, A), regarded as a function of x, are the same as in Theorem 1.) 
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Proof. The absolute values of the terms of the series (6.4) do not 
exceed the terms of the convergent numerical series 


f° | f(x)| dx = \° | f(x)| dx + \ Lf] dx te, 


which proves the theorem. 


Instead of (6.1), we can consider integrals of the form 
5 oe) 
| F(x, A) dx, | F(x, A) dx, (6.7) 
—OO —-&© 
with the condition (6.2) replaced by the condition 


< Ee 


| {- F(x, ) dx 


for the first integral, and by the two conditions 


—l oe) 
| [— FO,% dx < «, | [° Fox») ax 


<E 


for the second integral. The theorems just proved remain valid for integrals 
of this form. In fact, the proofs reduce to the case already considered if we 
make the substitution x = —y in the first integral, and divide the second 
integral into the two integrals 


[° Fon ndx, |” Fo.) dx 


7. Two Lemmas 


We now refine the results of Ch. 3, Sec. 2: 


LEMMA I. Jf f(x) is absolutely integrable ona < x < ©, then 


e 00 e 
lim | f(u) sin lu du = 0 (7.1) 
l—o Ya 
(where | takes arbitrary values). 
Proof. For any given e > 0 
[reo sin lu dul < = 
b 2 


for sufficiently large b. Moreover, by the theorem of Ch. 3, Sec. 2 


< 


[0 sin Ju du ; 
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for sufficiently large /. Therefore 


ao sin lu dul < e 
for all sufficiently large /, which proves (7.1). 


Remark. Instead of the integral from a to 00, we can consider the 
integrals from —oo to a and from —o to o. Also, instead of sin /u, 
we can consider cos /u. The proofs are essentially the same. 


LEMMA 2. If the function f(x) is absolutely integrable on the whole 
x-axis, and if f(x) has left-hand and:right-hand limits at the point x, then 


sin/u , f(x +0) + f(x — 0) 
= 7. 


lim = -{" f(x + u) —— du (7.2) 


Proof. Given any < > 0, the inequality 
1 8 € 
— | \f(x + u)| du < 5 


holds for sufficiently small 6 > 0. The function (1/u)f(x + u) 1s 
absolutely integrable for —co <u <6 and 6<u< oo. Therefore, 
by Lemma 1 


sin Ju 


sin lu 
u 


. | eo . 1-8 
him =a F(x + u) du = iim =| fe + u) du = 0. (7.3) 


Now consider the equality 


sin mu f(x + 0) + f(x — 0) 
im =. |" IO + WT tay MM = 2 


proved in Ch. 3, Sec. 7, where m = n + 4 for integral n. This can be 
written as 


lim = - f° K(x + u u) >= im sn wal) du =F tie) (7.4) 


since the integrals on the intervals [—z, —96], [3,7] go to zero as 
m—> oo, because of the absolute integrability of the function 


I(x + 4) 
2 sin (u/2) 


on these intervals (see Ch. 3, Sec. 2). 
Next, we observe that the integral in the left-hand side of (7.4) differs 
from the integral 


sin md 


-{. fx+ wy (7.5) 
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by the quantity 


~{° fG + u) Pear — A sin mu du, (7.6) 


where the function in brackets is continuous, if it is regarded as being 
equal to zero at the origin. (This can be seen by applying L’Hospital’s 
rule.) But by Ch. 3, Sec. 2, the integral (7.6) converges to zero as 
m— > oo, Therefore, instead of (7.4), we can write 


lim — -{. f(x + y) A gy = LO +O) 4 I~ 9) (7.7) 


im—> © 


Now let mm </<m+41, so that /=m+0, where 0 < 0 < 1. 
Applying the mean value theorem, we obtain 


sin /u — sin mu 
= (] — m)cos hu = 0 cos hu, 
where /: lies between 77 and 7. Therefore 


sin lu 


-=f fer y™ 


sin mu au 


ff fot 


§ 1 € 
= Nees + uO cos hu dul < - |. |f(x + u)| du < 5 (7.8) 


for any /. If /is large, then m is also large, and therefore by (7.7), we 
obtain 


K(x +0) 4+ f(x — 0) 1 £8 Sin miu € 
SS | SO aa dul <5 


2 


for the values of m corresponding to large values of /. Together with 
(7.8), this inequality gives 


Lee IER 2 ff +) OM ail < 


for all sufficiently large /. By (7.3), instead of (7.9), we can write 


f(x +90) + f(x -— 9) Le ,. sin /u 
a =| fix + wu) . du| < ¢, 


for sufficiently large /. This proves (7.2). 
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8. Proof of the Fourier Integral Theorem 


Suppose that f(x) is absolutely integrable on the whole x-axis. Then, by 
the very definition of an improper integral, we have 


: \- an i f(u) cos A(u — x) du 
~ iim - {' dh io cos A(u — x) du, — (8.1) 


l.e., the existence of the integral in the left-hand side of (8.1) 1s equivalent to 
the existence of the limit in the right-hand side. But the integral 


| J(u) cos Au — x) du 
—0O 
is uniformly convergent for —0oo < A < ©, since 


|f(u) cos Au — x)| < [fl)I, 


and f(u) is absolutely integrable on the whole x-axis (see Theorem 4 of 
Sec. 6). It follows by Theorem 2 of Sec. 6 that 


{. dh [° f(u) cos Mu — x) du = [" du | f(u) cos A(u — x) dr 


sin ue 


—) du =f footw 


sin A 


=|" fw) 


where we have first made the substitution u — x = v and then changed v 
back to u. By (8.1), we have 


sin lu 


] Lf an” f(u) cos Mu — x) du = lim = -{° f(x + u) 
(8.2) 


Now, if the function f(x) has a left-hand and a right-hand derivative at 
the point x, then by Lemma 2 of Sec. 7, the limit in (8.2) exists and is equal 
to 4[ f(x + 0) + f(x — 0)]. Therefore, the integral in the left-hand side of 
(8.2) exists and we have 


1 fo 00 — f(x + 0) + f(x — 0) 
- I. dd [ flu) cos Mu — x) du =A AIT 08,3) 
At the continuity points of f(x), the right-hand side of (8.3) coincides with 
}(x). Thus, we have the following results: 


1. If f(x) is absolutely integrable on the whole x-axis, the Fourier integral 
theorem holds at every point where f(x) has both a left-hand and a right-hand 
derivative. 

2. If f(x) is absolutely integrable on the whole x-axis and if f(x) is piecewise 
smooth on every finite interval, then the Fourier integral theorem holds for all x. 
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9. Different Forms of the Fourier Integral Theorem 


Assume that f(x) is absolutely integrable on the whole x-axis and consider 
the integral 


{~ flu) sin Mu — x) du, 


which converges uniformly for —0 < A < o, since 


|f(u) sin Au — x)| < | fw) 


(see Theorem 4 of Sec. 6). Therefore the integral represents a continuous 
function of A, which 1s obviously odd. But then2 


, Y oo , 
lim | dh | f(u) sin ACu — x) du 
l—> oo ¥-!l —O 
00 00 
= { dr | f(u) sin Mu — x) du = 0. 
On the other hand, the integral 
co 
[~ Qo) cos Mu — x) du 


represents an even function of A. Therefore, instead of (5.5), we can write 


f(x) = = [° anf® Awlcos xu — x) + isin Qu — x] du 


— » (9.1) 
— __ \ id(u-—x) . 
= [- d? [- f(ueu=9 du 
which 1s the complex form of the Fourier integral theorem. 
Next, we write (5.5) in the form 
f(x) = I \° cos Ax ({ f(u) cos Au cu) dh 
T™ /Q —oo 
(9.2) 


lo. 0 . 
+ — I, sin AX (ie sin Au du) dx. 


2 If the integral with respect to 4 in the right-hand side of this formula does not exist 
in the usual sense, then we interpret it as 
lim 
l>aod-! 
a limit which in this case obviously exists and equals 0 (the Cauchy principal value of the 
integral). 
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If f(x) 1s even, then 


\° fu) cos Au du = 2 \° f(u) cos ru du, 


[° su) sin ru du = 0, 
and (9.2) becomes 


f(x) = 2 \- COS AX (| f(u) cos Au du) a». (9.3) 


Similarly, if f(x) is odd, we obtain 


f(x) = : \- Sin Ax (f° re sin Au du) a>. (9.4) 


If f(x) is defined only on [0, co], then (9.3) gives the even extension of 
f(x) onto the whole x-axis, while (9.4) gives the odd extension of f(x). Thus, 
both formulas are applicable for positive x, but for negative x they give 
different values of f(x). We note that if f(x) 1s continuous, then (9.3) is 
always valid at x = 0, whereas (9.4) is valid only if f(0) = 0. [This 1s 
because when x = 0, the integral (9.4) takes the value 4[/(+0) + /(—0)], 
and this value 1s always zero for the odd extension of f(x).] 


*10. The Fourier Transform 


Given the function f(x), the new function 
F(x) = war [- fei du (10.1) 


is called the Fourier transform of f(x). If the Fourier integral theorem holds 
for f(x), then by (9.1) we have 


f(x) = — \" F(u)e-i™ du, (10.2) 


le., f(x) is the (inverse) Fourier transform of F(x). Thus, the function (10.1) 
can be regarded as the solution of the integral equation (10.2), where f(x) 
is a given function. 

We now note some properties of the Fourier transform (10.1). 


l. If f(x) is absolutely integrable on the whole x-axis, then the function 
F(x) is continuous for all x and converges to zero as |x| — ©. 


Proof. Thecontinuity of F(x) follows from the uniform convergence 
(in x) of the integral (10.1), since 


lem| = 1, | f(weim| = | fw), 
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and the integral 


[P LAeo| du 


exists. (All the considerations of Sec. 6 continue to hold in the case 
where f(x) 1s a ccunplex-valued function.) Moreover 


lim F(x) 


|x]—> 00 


: | 
— lim ) COS d + li d | _ 0 
\/ Ir Jim | flu xu du +i ym) ” fu) sin xu du 


by the remark to Lemma | of Sec. 7. 


2. [f the function x"f(x) is absolutely integrable on the whole x-axis 
(n is a positive integer), then F(x) is differentiable n times, where 


kone 
FH(x) = roe | fluukei du (k = 1,2,...,n), (10.3) 
TT ¥—@ 


and all these derivatives converge to zero as |x| —> ©. 


Proof. The formula (10.3) can be obtained by differentiating (10.1) 
behind the integral sign, since each time we obtain an integral which 
converges uniformly in x. This follows from the relations 


| f(u)ukeixe| = | f(u)uk| (kK = 1,2,...,n), 


where the functions on the right are absolutely integrable. (See 
Theorem 3 of Sec. 6.) To prove that the derivatives F(x) converge 
to zero as |x| — o0, we again use the remark to Lemma 1 of Sec. 7. 


3. If f(x) is continuous and converges to zero as x > © and if f'(x) 
is absolutely integrable on the whole x-axis, then 


ef ixu — x 
an [os (ujeix4 du = F(x). 
4. If f(x) is absolutely integrable on the whole x-axis and if 
in f(u) du—> 0 
as |x| —> 00, then 


= \- (" f(t) ar) eixu dy = — * F(x). 


To prove the last two formulas, we use integration by parts. These 
formulas show that differentiating the original function f(x) corresponds to 
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multiplying its Fourier transform F(x) by x/i, while integrating f(x) corre- 
sponds to dividing F(x) by x/i. This idea of reducing complicated mathe- 
matical operations on the original function to simple algebraic operations on 
its transform (and then taking the inverse transform of the final result) is the 
basis for the operational calculus, a very important branch of applied 
mathematics. 

Next, we consider transforms of a somewhat different form. The 
function 


FQ) = /2 J so) cos Au du (10.4) 


is called the (Fourier) cosine transform of the function f(x). If the Fourier 
integral theorem holds for f(x), then it follows from (9.3) that 


foo) = i? J F(A) cos xd dd, (10.5) 


1.e., f(x) 1s itself the Fourier cosine transform of F(A). In other words, the 
functions f and F are cosine transforms of each other. Similarly, the 
function 


O(A) = i? [ose sin Au du (10.6) 


is called the (Fourier) sine transform of f(x), and (9.4) gives 


f(x) = J 2 \ @(A) sin xd dd, (10.7) 


1.€., Just as in the case of cosine transforms, f and ® are sine transforms of 
each other. 

The function (10.4) can be regarded as the solution of the integral equation 
(10.5) [where f(x) is a given function], and the function (10.6) can be regarded 
as the solution of the integral equation (10.7). 

We now illustrate the use of Fourier cosine and sine transforms by 
evaluating some integrals. 


Example 1. Let f(x) = e-9* (a > 0, x > 0). This function is integrable 


for 0 < x < o and has a derivative everywhere. Integrating by parts, we 
find 


F(A) = /2 \- e- cos Au du = /2 ra 


2 > 


2 fo | 
D(A) = [2 I. e-% sin Au du = = a4 he 
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Then (10.5) and (10.7) give 


2a (™ cos xA dA 
—~Qx = —__ SS > 
“ tw Jog a2 + 22 (x 2 0), 
ax 2 fe ASIN XA dh 
é = = 5 72 r 52 (x > 0), 
Example 2. If 


1 for 0O 
f(x) =¢4 for x 


QO for x 


Voi“ 
» 

A 

s 


then obviously 


F(A) = (2S cos Au du = [282 
and by (10.5) 


2 © sin aA cos XA dad 1 for O< x <a, 
jo) = 2 fersinmcosna [3 te aa 
T V0 IN 


O for x>a. 
In particular, for x = a 


5 =~ [oan ea 
2 «Jo 


5 dh, 


and setting a = 4, we obtain 
TT co sin A 
ran ee whi 
*I1. The Spectral Function 


It is easy to see that equation (9.1) can be written in the form 


f(x) = = [Raf saero du 


(11.1) 
since 
efMx—-u) = cos A(x — u) + isin A(x — u) 
= cos A(u — x) — fsin A(x — 4), 
and since the integral containing the sine vanishes (see Sec. 9). Now we 
set> 
AQ) =f” f(wde-Pu d 11.2 
(0) = 5 | we du. (11.2) 


3 Sometimes the factor 1/27 is omitted in the formula for A(\); of course, the factor 
then reappears in (11.3). 
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This function (which is in general complex) is of great importance in electrical 


engineering, and is called the spectral function (synonymously, the spectral 
density or spectrum) of f(x). According to (11.1) and (11.2) 


f(x» = | ° A(ayei® da; (11.3) 
(11.2) is the analog of formula (14.7) of Ch. 1 (which gives the values of the 
complex Fourier coefficients), and (11.3) is the analog of formula (14.6) of 
Ch. 1. 


Example. Find the spectral function of the function 


1 for |x| <a, 


I(x) = {0 for |x| > a, 


shown in Fig. 42. 


FIGURE 42 


According to (11.2) 


a —ihku ] u=a 
A(A) = = [° e—ihu du — | | 


2x | — idl, 
_ I eka — erika 1 sin an 
On In a ae 


and therefore in this case A(A) turns out to be real. The graph of A(A) 1s 
shown in Fig. 43 (for a = 1). 


FIGURE 43 


PROBLEMS DOUBLE FOURIER SERIES. THE FOURIER INTEGRAL 


PROBLEMS 
1. Show that if f(x, y) = g(x)i(y), where 
g(x) ~ S ae", h(y) ~ S bei", 
then —_ a 
10,9) ~ SD agbyellonstny) 


2. Show that if f(x, y) = g(x + y), where 


& (x) ~ > Anei*, 


m= — 0 
then 


co 


T(x, y) rw > eim(xt+y). 


m=—- 
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3. Expand the following functions in double Fourier series in the region 


—T SX,yV ST: 


a) f(xy) = x+y; b) f(x,y) = (x + y); 
c) f(x,y) = |sin(x + y)f. 


4. Find the Fourier sine transform (10.6) of each of the following functions: 


a) f(x) = e-*cosx(0 < x < ©); b) f(x» = {sinx for O< x <x, 


0 for x > 7; 


6) fx) = {5 er SES gfe) sxe O< x < ©). 


5. Find the Fourier cosine transform (10.4) of each of the functions of the 


preceding problem. 
6. Solve the following integral equations for f(x) (0 < x < o): 
a) i” F(x) sin Xx dx = g(\), where g2(A).= {0 or , . -_ ™s 
b) \ f(x) cos Ax dx = eA; 
¢) \ f(x) sin dx dx = 2e-@. 


7. Let f(x) and g(x) be absolutely integrable on — 0 < x < o, and let 


nx) = | fx - ye) ay. 


Let F(A), GQ) and HQ) be the Fourier transforms [see equation (10.1)] of 


F(x), g(x) and h(x), respectively. Show that 


a) [* laride < (J [fecal ax)( [* lent a): 
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b) AQ) = V2r FQA)GQ); 
) | fe-neody= J] ee - nforay 
The function /: 1s called the convolution of fand g, written = fxg. 
8. Find = f*g (cf. preceding problem) where 
a) = f(x) = e-*, g(x) = { 
b) = f(x) = g(x) = e*; 


1 for O<x<l, _ fx for O<x< 1], 
c) fo) = {4 for x > 1; a(x) = {9 for x >1; 


x for 0< x <1], 
0 for x>1l; 


x for O<x <1], 
O for x> 1. 


d)  fX) = ¢@) = { 
(In every case, f(x) = g(x) = 0 for x < 0.) 


9. Solve the following integral equations: 


a) ic _ ye"? dy {* for x < 0, 


x2e-* for x20; 


e“I*I(1_ + |x|). 


b) [ e-lx-yI f(y) dy 


8 


BESSEL FUNCTIONS AND 
FOURIER-BESSEL SERIES 


I. Bessel’s Equation 


By Bessel’s equation is meant the second order differential equation 
xy" + xy + (x? — p*)y = 0, (1.1) 


or equivalently 


nt, 2 
y+ zy (1 - Ply =0, 
where p is a constant [which we call the index of (1.1)], and the prime denotes 
differentiation with respect to x. With the exception of certain special 
values of p, the solution of (1.1) cannot be expressed in terms of elementary 
functions (in finite form); this leads to the so-called Bessel functions, which 
have many applications in engineering and physics. Tables of Bessel 
functions are available for use in practical calculations. 
Since Bessel’s equation is linear, it has a general solution of the form 


y= Cyy, + Cryo, (1.2) 


where yj , y2 are any two linearly independent particular solutions of Bessel’s 
equation, and C,, C> are arbitrary constants. Thus, to find the general 
solution of (1.1), it 1s sufficient to find any two linearly independent solutions 
of (1.1). 
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2. Bessel Functions of the First Kind of Nonnegative Order 


Suppose that p > 0. To simplify subsequent calculations, we make the 
substitution 


y= xXP2 (2.1) 
in the equation (1.1). Since 
y= pxe-lz + x2’, y" = p(p — 1)xe-2z + QpxP-lz’ + xP2", 


the function z satisfies the equation 


z" + et. 2 +2=0. (2.2) 


We now look for a solution of this equation in the form of a power series 
Z= Cot CyX + Coxe? Hee + O,X" +°°°. 
Elementary calculations give 


Zz’ = Cy + 2eox + 3c5x2 + 4cgx3 +-- ++ (2 + Zeng axPtl +---, 


a | N 
| 


C 
— + 2c. + 3¢3x + 4ce4x* +:°-+ (M+ 2)Cpy ox” +°°5, 


Z" = 2cy + 2-3¢3x + 3-4e4x2 +°--+ (n+ 1)(n + 2), pox" +---. 


Substituting these series in (2.2), we obtain 


2 
7 cy + [cy + (2p + Ico + co] + [2-3c3 + (2p + 1)-3c3 + e1]x 


+ (3-44 + (2p + 1)4c, + Co] x2 = 
+ [2 + I)(n + 2)ena2 + Qp + 1)(n + 2Z2ens2 + €,]x" 
+--.- =Q, 


If this equation is to be satisfied, all the coefficients of the different powers of 
x must vanish, 1.e., 


Cc; = O, (2.3) 
(n+ In + Yener + Op + WH + Dew2+G=0 (n=0,1,2,...). 
Therefore, we have 


Ch 


Cn42 = (n + 2(n + 2p + 2) (n = O, l, 2, _ .). (2.4) 


SEC. 2 BESSEL FUNCTIONS AND FOURIER-BESSEL SERIES 199 


It follows from (2.3) and (2.4) that 


Cy = C3 = C5 St = Coy) = = OD, 

Co => - __ 0 

2 (2p + 2/7 

4 4(2p + 4) 2-4-(2p + 2)(2p + 4) 
a | 
© 6(2p + 6) 2:4-6-(2p + 2)(2p + 4)(2p + 6) 


and in general 
Com = (-1)" a 
2:°4-6---2m(2p + 2)(2p + 4)(2p + 6)---(Qp + 2m) 
(— ])m © 
27m-1-2-3---m(p + 1)(p + 2)(p + 3)---(p +m) 


Thus, the series 


x2 x4 
o= 0 1 — 2(2p + 2) + 2-4(2p + 2)(2p + 4) -- | 


oe 
Co ! + 2. mT. --n(p + I(p + 2)---(p + m) 


where Co 1S an arbitrary constant, gives a formal solution of the equation 
(2.2). By using the familiar ratio test, it 1s easy to show that this series 
converges for all x. Since term by term differentiation of a power series 1s 
always legitimate (inside the interval of convergence), z is actually a solution 
of (2.2). But then, the function 


x? x4 
ya wes ew | sap ea) + ape WEED 
(2.5) 
“ (— | )mypt2m 
= co + SIT TW 
Py, -]-2---m(p + I)\(p + 2)---(p + ™) 
where Cp 1s arbitrary, is a solution of (1.1). 
It 1s customary to set 
l 

= —_____.,, 2.6 
“0 D°P(p + 1) (2-6) 


where I is the well-known gamma function of mathematical analysis, which 
has the following properties: 

I) Pd) =1, 

2) V+ 1) =pl(p) for any p, 

3) I'(p + 1) = p! for positive integral p. 


(We shall discuss the gamma function in more detail in the next section.) 
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If the constant cp is defined by (2.6), then the series (2.5) gives the Bessel 
function of the first kind of order p (for the time being, p > 0), denoted by 


JAX): 


xP x2 x4 
HO) = sre ep |! - aap ed * PaO DOH ~ | 07) 
= {ar (x/2)? ») (—1)""(x/2)2 +2” \ 
I(p + Hn p1-2---m(p + l)\(p + 2)---(p+m)l(p + 1) 


But according to the properties of the gamma function, we have 
1-2---m =m! = [(m + 1), 
(p + I)(p + 2)---(p + mp + 1) = (p + 2)(p + 3): -(p + m)P(p + 2) 
= (p + 3)(p + 4)---(p + mp + 3) 


=(p+mI(p +m) =T(p+m +41), 
and therefore 


_ Ns (— I)(x/2)e+m 
WO) = 2. Tome De +m FD 24) 


(see also Property 1 of the gamma function). 
im particular, for p = 0 


x? x4 x 
Jo(x) = 1 — 52 7 52.42 ~ 92.42.62 T 
(2.9) 
S (= 1)m(xe/2)2 
m=0 (m!)? 
where we must set O! = 1. Forp = 1 
x x2 x4 x6 
AQ) = 5 [I - 24774467 7-46468 7° | 
-> (— L(x /2) 20d 
mim + 1)! 
In general, for positive integral p 
1 - x? x4 
Mo) = rp 2p +2 '24-Qp+DQp+h | 
(2.10) 


o° (= I)m(x/2)2mte 
a «mip + m)! 


Formulas (2.9) and (2.10) show that if p = 0 or if p is an even integer, 
then J,(x) is an even function (since it contains only even powers of x). On 
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the other hand, if p is an odd integer, then J,(x) is an odd function (since it 
contains Only odd powers of x). The graphs of the functions y = Jo(x) and 
y = J,(x) are shown in Fig. 44. 


FIGURE 44 


Remark. It should be noted that if x < 0 and if pis not an integer, 
then in general J,(x) will take complex values [see (2.7)]._ In order to 
avoid complex values, we shall consider J,(x) only for x > 0 (when p Is 
not an integer). 


3. The Gamma Function 
For p > 0, the gamma function Is usually defined by the formula 
rp) = | - e-xxp-! dx, (3.1) 


(This improper integral has meaning only for p > 0.) We now verify that 
(3.1) actually has the properties given in Sec. 2. 


1) PQ) =f exdx =[-e*] = 1, 
r =| e-*xpdx. 
2) (p + 1) I. e-* XP AX 


Integrating by parts, we obtain 
p+) = [—e-=xe] +p |. e-xxp-! dy. 


The first term on the right vanishes (provided, of course, that p > 0), and 
the integral is just I'(p).. This proves Property 2. 
3) If p is a positive integer, then using Property 2 we obtain 

C(p + 1) = pl (p) = p(p — DUP — - 1) = = pp — 1) 2-1 OD), 

or, In view of Property 1 
l(p + 1) = p! 

Thus, for p > 0, the function defined by (3.1) actually has the required 
properties. 
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To extend the function I(p) to all real values of p, we start with the 
formula 


D(p + 1) = pl(p) 
Or 


['(p + 1) 


(3.2) 
p 


I'(p) = 
If —1 < p < 0, the right-hand side of (3.2) has meaning, since then 0 < 
p+41< 1. Therefore, (3.2) can be used to define I'(p) for —1 < p < 0. 
Incidentally, we note that as p— 0, the numerator in the right-hand side of 
(3.2) approaches 1 while the denominator approaches 0, and hence we have 


r(0) = 


Now let —2 < p< —l. Then —1 < p+1 < 0, and the right-hand side 
of (3.2) again has meaning. Therefore, (3.2) can be used to define I'(p) for 
—2<p< -—-l. If p> —1, then it follows from (3.2) that [(p)— oo, and 
hence we have 


P(-1) = o. 


Next, we consider the values —3 < p < —2, and so forth. Thus, step by 
step, we can define I'(p) for all negative values of p, with I\(p) = o0 for 
p = 0, -—1, —2,.... In other words, (3.1) can be used to define [(p) for 
p > Oand then (3.2) can be used to define ['(p) for all real p. Moreover, by 
its very construction, I'(p) has the three properties listed above. 


4. Bessel Functions of the First Kind of Negative Order 


Since p? appears in equation (1.1), it is natural to expect that the con- 
siderations of Sec. 2 will be applicable to —p as well as p and will also lead to 
a solution of (1.1). Replacing p by —p in (2.8) gives 


)- = 1)(xe/2)-7+2n 
169 = 2 Dore MRCP Fm ET) an 


We note that for integral p and m = 0,1, 2,...,p — 1, the quantity —p + 
m + | takes negative values and the value zero. Therefore, (—p + m + 1) 
= 0 for these values of #7, and the corresponding terms in the series (4.1) 
are taken to be zero. Thus, for integral p 


a __ L(x /2)-p+ 2m 
p(X) = 2 TEM Ea 


SEC. 4 BESSEL FUNCTIONS AND FOURIER-BESSEL SERIES 203 


or, if we setmi =pt+k 


= 1)K(x/2)0*24 
10) = 0" > ag Se (4.2) 


= (— 1AJ,(x). 


If p is not an integer, then none of the denominators in (4.1) becomes infinite. 
The ratio test shows that the series (4.1) converges for all x 4 Oif pis not an 
integer and for all x if p is an integer [see (4.2)]. 

The function J_,(x) 1s again called a Bessel function of the first kind, this 
time of order —p. It is easily verified by direct substitution that J_,(x) is 
actually a solution of (1.1). We leave this verification to the reader. ! 

For what follows, it is useful to observe that the formulas (2.8) and (4.1) 
can be combined in one formula 


_ (= 1)(x/2)042 
LO = > to E te eee (4.3) 


where the number p can be either positive or negative. The remark made at 
the end of Sec. 2 applies to the case of fractional values of p of either sign. 


5. The General Solution of Bessel’s Equation 


Consider first the case where the number p > Ois not aninteger. Then, 
the functions J,(x) and J_,(x) cannot be linearly dependent, 1.e., there cannot 
exist a constant C such that 


I(x) = CU_,(x). 


To see this, we observe that for x = 0, the function J,(x) vanishes, whereas 
J_,(x) becomes infinite [see (2.8) and (4.1)]. Thus, if p 1s not an integer, the 
general solution of Bessel’s equation (1.1) has the form 


= CJ,(x) + CoJ_,(X), (5.1) 


where C, and C, are arbitrary constants [cf. (1.2)]. 

If p > 0 is an integer, then by (4.2) the functions J,(x) and J_,(x) are 
linearly dependent, and hence in this case, (5.1) does not give the general 
solution. Therefore, for integral p we have to find another particular 
solution of (1.1), which is linearly independent of J,(x). This particular 
solution Y,(x) is the so-called Bessel function of the second kind, to be 


1 It should be noted that for some values of p (e.g., for integral p), part of the argument 
given in Sec. 2 ceases to be legitimate when applied to —p, since it leads to fractions with 
zero denominators [see e.g. (2.4)}]._ Nevertheless, the final formula (2.8) has meaning when 
p is changed to — p, and in fact gives a solution of (1.1), as noted. 
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discussed in the next section. Thus, when p is an integer, the general solution 
of (1.1) has the form 


y= Ci J,(x) ++ C> Y,(x). 


6. Bessel Functions of the Second Kind 


For fractional p, the Bessel function of the second kind is obtained from 
(5.1) by a special choice of the constants C, and C4, 1.€., we set 


J,(x) cos pr — J_,(x) 


Y (x) = J,(x) cot pr — J_,(x) csc pr = sin pr (6.1) 
For integral p, (6.1) is indeterminate; in fact, the numerator reduces to 
(—1)?J,(x) — J_,(x) which vanishes according to (4.2), and the denominator 


also vanishes. This suggests the following question: Can the indeterminacy 
be ‘“‘removed”’ by taking the limit of the ratio (6.1) as p approaches integral 
values, and will this limit give the required solution for integral p? As we 
now show, the answer is in the affirmative. 

According to L’Hospital’s rule 


\ (2/ép)|J,(x) cos pr — J_,(x)I 
VAX) = lim (o/ Op) sin pt 
— lim £98 pr(o/ep)J,(x) — mJ,(x) sin pr — (0/dp)J_,(x) 
pn ™ COS pt 
: aero) In — (hep) | 
T( — 1)” p=n 
We substitute the series (2.8) and (4.1) in this expression, differentiate them 
with respect to p, and then set the arbitrary index p equal to the integral 
index 7. After some manipulations, the details of which we omit (since they 


involve special properties of the gamma function and are rather tedious), we 
obtain 


YAx) = = 7,03) (In — + c) _. >) (7 — m — I)! (x) 


0 ae 
(—1)"(x (— 1)(x/2)e+2m ( nan mY] 
2 oe miGn + m)! Det 2 i) 
Where C = 0.577215664901532--- is the so-called Euler’s constant. In 
particular, when n = 0 


Y,(x) = = Jo(x) (In n= + c) 


2 Sem tate 4 1) 
Tm <, (ni!)? \2 2 3 m1 
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Substitution of the function Y,(x) into the equation (1.1) with p =n 
shows that Y,(x) 1s actually a solution of (1.1). Moreover, the functions 
J.(x) and Y,(x) cannot be linearly dependent, since for x = 0, J,(x) has a 
finite value, whereas Y,(x) becomes infinite. Therefore, Y,(x) is the re- 
quired particular solution of (1.1) (cf. the end of Sec. 5). The graph of the 
function y = Y,(x) is shown in Fig. 45. 


y=hlx) 


FIGURE 45 


7. Relations between Bessel Functions of Different Orders 


For any p, We have the formulas 
' J — ] 
dx [x?J,(x)] XP i(x), Gi ° ) 


f [xAdy(x)] = — x pei(2). (7.2) 


Similar formulas hold for the corresponding Bessel functions of the second 
kind. 
Proof. By (4.3), we have 


d od ~ (— 1)™x2p+2m 
dx POO] = Fr 2. Qrv2ml(m + Ll(p +m + 1) 


© (— 1)™x2p+2m-1 
2, 2P+2m—1]'(m + 1)E(p + m) 


— xPJ,-\(X), 


for any p, which proves (7.1). Formula (7.2) is proved in the same way. 
To prove the corresponding formulas for Bessel functions of the second 
kind, we first replace p by —p, obtaining 


& [x0Fg()] = — 2°Spyi(2) (7.3) 
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Assuming that p is not an integer, we multiply (7.1) by cot px and subtract 
(7.3) multiplied by csc px. The result is 


dad x» J,(x) cos pr — =A) — yp J,_-\(x) cos pre + J_p41(X) 


dx sin pt sin pt 
= ep Joni) €08 (p = I) = S-psilX) 
sin(p — 1)r 
since 
cos(p — l)x = — cospr, sin(p — l)x = — sin pn. 
Thus, for fractional p 
a [xP Y,(x)] = x? Y,_1(x) (7.4) 
dx 
[see (6.1)]. 
Next we replace p by —p in (7.1), obtaining 
d 
Tk [x-PJ_,(x)] = x-PJ_,_1(%). (7.5) 


Then we multiply (7.2) by cot px and subtract (7.5) multiplied by csc pz. 
The result 1s 


a jx J,(x) COS pr — 0) 


dx Sin ptt 


—Jp41(x) Cos pr — J_p_1(X) 


= xP 
sin pr 


—~ _y> Jn41(X) cos (p + 1)m — J_p_1(x) 


sin(p + l)x 
since 
cos(p + l)t = —cospzr, sin(p + 1)x = — sin pz. 
Therefore, for fractional p [see (6.1)] 
d 
[x-? ¥,(x)] = — x-? Yya(x). (7.6) 


dx 


The formulas (7.5) and (7.6) are the analogs of (7.1) and (7.2), and also 
hold for integral p (as can be seen by letting p approach integral values). 
From (7.1) and (7.2), we obtain the formulas 


xJ" (x) + pJ,(x) = xJ,_1(x), (7.7) 
xJ' (x) — pIp(x) = — XIpar(x), (7.8) 
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Ip(x) — Ipgs(x) = 2J',(0), (7.9) 
2p 
Jp) + Ip) = 2,00) (7.10) 
and similar formulas for Bessel functions of the second kind. In fact, it 
follows from (7.1) that 
xPJ" (x) + pxP1I(x) = xPJ,_1(x), 


from which (7.7) is obtained by dividing by xe-!. In the same way, we 
obtain (7.8) from (7.2). To obtain (7.9), we add (7.7) and (7.8) and divide 
the result by x. Finally, (7.10) is obtained from (7.7) and (7.8) by sub- 
traction and subsequent division by x. 

The utility of these formulas will be repeatedly demonstrated below, and 
hence we shall not discuss them now. However, it should be noted that 
(7.10) shows how to calculate the values of the function J,(x) for any positive 
or negative integral p from a knowledge of the functions Jo(x) and J,(x). 
A similar remark applies to Bessel functions of the second kind. 


8. Bessel Functions of the First Kind of Half-Integral Order 


Referring to (2.7), we first consider 


/ x 1 x2 x4 x6 


Ji j2(x) = V2T@) 574 + 


73737435 2463577" 


ae |e - 4+ H- Ft 
mr” 37 3 7 
— I ° 
According to (3.1) 
3\ 17/1) _ 1", dx _ [? _, 
(a) = 38a) alae enter 
where the integral equals Vx/2.2 Therefore 


J (x) = V2/rx sin x, (8.1) 


2 To see this, write 


oo) oe) 00 (00 1/2 foo nf 
| ent au | e- du = | | e-(+u") dt du = | | e-Trdrd® = 7 
0 0 0-0 0 0 


(Translator) 
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and similarly, we find 
J_3)2(x) = V2/1x cos x. (8.2) 


Thus, the functions J,/2(x) and J_,;2(x) can be expressed in terms of 
elementary functions. But then it is an immediate consequence of formula 
(7.10) that any function J,(x) where p = n + 4 and n is integral, can be 
expressed in terms of elementary functions. For example, setting p = 4 in 
(7.10), we obtain 


l 
J_42(x) + J32(x) = 7 F120); 
whence 
J3/2(x) =  Jipx) — J_1)2(x) = V2/nx3 sin x — V2/nx cos x. 


Similarly, setting p = = in (7.10), we can find Js/(x), etc. 


9. Asymptotic Formulas for the Bessel Functions 


In this section, we derive formulas that permit us to readily determine the 
behavior of Bessel functions for large values of x (so-called asymptotic 
formulas). First of all, we transform equation (1.1) by making the sub- 
stitution 


Z 
= —=: 9.1 
y= (9.1) 
The resulting equation for the function z is 
; p2 — 4 
If we set 
m 
m = %4— p*, x2 P> (9.3) 
then (9.2) becomes 
z" + (1 + 0)z = 0. (9.4) 


For large x, the function e = o(x) becomes very small. Therefore, it is 
natural to expect that for large x, the solution of the equation (9.4) will not 
differ much from the solution of the equation 


z +z2z2=0, 
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i.e., from the function 
z= Asin(x + w) (A = const, w = const). 


Now, let z be a solution of (9.4) which is not identically zero. Then, 
in view of what has just been said, it is natural to assume that there exist 
functions « = «(x) and 6 = &(x) such that 


z=asin(x + 9), (9.5) 


where « and 6 converge to definite finite limits as x-> co. To prove the 
existence of such functions, we consider the equation 


z’ = acos (x + 3) (9.6) 


as well as (9.5), and we then regard (9.5) and (9.6) as a system of equations 
where the left-hand sides are known and the functions « and 6 are unknowns. 
It follows from (9.4) and (9.5) that 


z" = —(1 + p)a sin (x + 9), 


a 


and from (9.6) that 
z”" = «' cos(x + 8) — «(1 + 3’) sin (x + 9), 
which imply at once that 


4 


0 


tan(x + 5) = ——: 9.7 
ne +8) = ay (9.7) 
Differentiating (9.5) gives 
z’ =a’ sin(x + 8) + «(1 + 8’) cos (x + 98). 
Comparing this with (9.6), we easily obtain 
tan(x + 8) = - (9.8) 
Multiplying (9.7) and (9.8), we find 
>’ 
2 —~ . it, 
tan2 (x + 3) y= 
whence 
d’ = p sin? (x + 9). (9.9) 
Then (9.8) implies 
0. 5 . 
ee 5). 9.10 
7 fan(x 5) o sin (x + 8) cos (x + 8) (9.10) 


We observe that the denominator « of the ratio «’/x cannot vanish. In 
fact, if « vanishes, then it follows from (9.5) and (9.6) that z and z’ vanish 
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simultaneously, i.e., the solution z satisfies zero initial conditions at some 
point x = Xo. However, because of the uniqueness of a solution satisfying 
given initial conditions, this implies that z 1s identically zero, contrary to 
hypothesis. 

The required function 6 is found from the differential equation (9.9), 
and the initial condition for 6 can be found from the initial conditions for z 
by using (9.5) and (9.6) and eliminating «@ (e.g., by division). Then, from a 
knowledge of 6, we can easily find « from (9.10), and the initial condition for 
“% is obtained from the initial conditions for z and 6 by using (9.5) and (9.6). 

Thus, all that remains is to analyze the asymptotic behavior of % and 6. 
Since 


b 
3(x) = a(6) — | 8) dt 
it follows from (9.3) and (9.9) that 


6 sin? (t + 3d) 
B(x) = 366) — mf EF 
If we take the limit as b— o, the resulting improper integral obviously 
converges (since the integrand does not exceed 1/t?). Therefore, the limit 
of 5(b) as b—> & also exists. If we set 


Jim d(b) = w, 
then 
d(x) = wW — mM [ net) dt. (9.11) 
But 
a ee 
and hence 


© sinz(t + 6 
O< mx | me ay < mm. 
xX 


In other words, the function 


© sin? (¢ + 3d) 


w(x) = — mx | 


x 


is bounded for any x, and (9.11) can be written in the form 


Xx) =o + (9.12) 
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Moreover 
a’ 
Oo. — (In a) ’ 
and hence 
In a(x) = Ina(b) — [ om dt 
or by (9.10) 


b sin (¢t + 3) cos (t + 38) dt 


In a(x) = In a(b) + m | 2 


xX 


Just as before, we pass to the limit as b— o, and note that the resulting 
improper integral converges. This implies the existence of a finite limit as 
6 — oo for In «(b) and hence for a(b). We set 


lim o«(6) = A, 
b— oD 
where A # OQ, since otherwise In «(b) > c© as b— oc, Then we have 


Ino(x) = In A + ™ \ sine + Ses F 9) dt. 


Just as we proved the boundedness of the function n(x), we can also prove 
the boundedness of the function 


o(x) = mx | sin (t + 3) cos (t + 3) dt. 
x f 
Then 
Ino(x) = In A + 209), 
whence 


a(x) = A exp [9(x)/x]. 
According to Taylor’s theorem, for any ¢ we have 
et = | + tee (0< 90 < 1), 
and hence, writing t = ¢(x)/x, we obtain 


exp [o(a)/x] = 1 + 22 exp (9(x/x). 


212 BESSEL FUNCTIONS AND FOURIER-BESSEL SERIES CHAP. 8 


The function exp [00(x)/x] is obviously bounded as x-> co. Therefore, we 
can write 


exp [p(a)/x] = 1 + 


OF 
a(x) = A ( + 20), (9.13) 


where &(x) remains bounded as x —> oo. 

The formulas (9.12) and (9.13) confirm our conjecture about the way the 
functions « and 5 behave as x ~ oo and about the behavior of the solution 
z of the equation (9.4). [Cf. (9.5).] Substituting (9.12) and (9.13) into 
(9.5) gives 


2-4 (1 + ) sin (x tot 1) (9.14) 


Next, we transform the last factor in (9.14). According to Taylor’s 
theorem 
sin(a + t) = sina + tcos(a + O02) (0< 90 < 1). 
Setting a = x + w, t = 7(Xx)/x, we obtain 


n(x 1) =), 


sin (x +o + = sin(x + w) + 


where 
C(x) = v(x) cos (x +wt “19) 


is a function which is bounded for all x. Therefore, it follows from (9.14) 
that 


z= A(1 + 2) [sino + 0) + P| 


= Asin (x + 0) + 4 CDSN + 0) + (1 + EOI) 


or 
z=.Asin(x + @) + ro), (9.15) 


where r(x) is bounded as x oo. Thus, we have found an asymptotic 
formula for the solution of (9.2). 
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To go to the case of Bessel’s equation, we use (9.1) and obtain 


A r(x) 
y= sin (x + o) + vx (9.16) 


where A = const, w = const and r(x) is bounded as x > co. This formula 


shows that for large x, any solution of Bessel’s equation differs very little 
from the damped sinusoid 


A. 
v= sin (x + w). 


In particular, the above considerations apply to the Bessel functions J,(x) 
and Y,(x). A more exact calculation, which we omit, shows that 


I(x) = V2/rx sin (x _ PR *) 4 rx) 


, xV x" 
(9.17) 
Y(x) = V2/nx sin (x ~ > _ 4 4 a 


where the functions r,(x) and p,(x) remain bounded as x — oo. 

For subsequent purposes, besides the formula (9.15), it is useful to have 
the corresponding formula for z’. Therefore, we substitute the expressions 
(9.12) and (9.13) for 6 and « into (9.6). The result is 


2’ = A(1+ =) cos (x +0 + ©), 


If we transform this expression in the same way as we transformed (9.14) 
[which led to (9.15)], we obtain 


z’ = Acos(x + w) + —— 3), (9.18) 


where the function s(x) is bounded as x > oo. 


10. Zeros of Bessel Functions and Related Functions 


It follows at once from formula (9.15) that any solution of Bessel’s 
equation has an infinite number of positive zeros and that these zeros are 
close to the zeros of the function sin (x + ©), 1.e., to the numbers of the form 


k, = nt — a, 


where 7 is an integer. We now show that for sufficiently large 1, there is 
just one zero near each k,. Since, according to (9.1), the functions y and z 
have the same positive zeros, it is sufficient to prove this for the function 
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z. If for arbitrarily large n, there were a pair of zeros of the function z near 
the point k,, then it would follow from Rolle’s theorem that z’ has a zero 
near z,. But by (9.18) this is impossible, since near z, = nm — o, the value 
of z’ is near Acosnn, provided that » is sufficiently large. Thus, for 
sufficiently large , all the zeros of the function y lie near the numbers &,, 
and there is only one zero near eachk,. It follows that the distance between 
consecutive zeros of the function y approaches 7 as the distance from the 
origin increases. In particular, these considerations apply to the functions 
J (x) and Y,(x), where according to (9.17), the numbers k,, have the values 


—=_ «SO = —?) 
k, = nt + 5 4 
— ——_ owe +- — 


for J,(x) and Y,(x), respectively. 

Below, we shall be concerned with the positive zeros of J,(x). (It should 
be noted that by (4.3), the positive and negative zeros of J,(x) are located 
symmetrically with respect to the origin.) It follows from (7.2) and Rolle’s 
theorem that there is at least one zero of the function x-?J,, )(x) between any 
two consecutive zeros of the function x--J,(x), 1.e., there is at least one zero 
of the function J,,,(x) between any two consecutive zeros of the function 
J(x). If we replace p by p + 1 in (7.1), we obtain 


d 
© [xp gi(X)] = xP, (2). 


From this we conclude as before that there is at least one zero of the function 
J,(x) between any two consecutive zeros of the function J,,,(x). Thus, the 
zeros of J,(x) and J,,;(x) “separate each other.”” More precisely, one and 
only one zero of J,,\(x) appears between any two consecutive positive zeros of 
Ji(x). Moreover, J,(x) and J,,;(%) cannot have any positive zeros in 
common. In fact, if J,(x) and J,,;(x) both vanished at x9 > 0, then by (7.8), 
J(x) would also vanish at Xo. But this is impossible, since by the uniqueness 
theorem for solutions of a second order differential equation, J,(xo) = 0, 
J(Xo) = 0 would imply that J,(x) = 0, which is obviously false. 

Consider next the zeros of the function Jj(x). By Rolle’s theorem, at 
least one zero of J/(x) lies between any two consecutive zeros of J,(%). 
Therefore, like J,(x), the function J>(x) has an infinite set of positive zeros. 

Finally, we investigate the zeros of the function xJ,(v) — HJ,(x), where 
Hf is a constant, a function which is often encountered in the applications. 
As we have just seen, the functions J,(x) and J/(x) cannot vanish simultane- 
ously (for x > 0). It follows at once that J,(x) must change sign as we pass 
through a value of x for which J,(x) vanishes. Let A), A2,..., A,,... denote 
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the positive zeros of J,(x) arranged in increasing order. For0 < x < A,, the 
function J/,(x) does not change sign, and in fact for p > —1 (the only values 
of p of interest to us), J,(x) is positive for 0 < x < A,. [See formula (4.3), 
where the first term, which determines the sign of J,(x) for x near zero, is 
positive.] As we pass through A, J,(x) goes from positive to negative values, 
as we pass through A, J,(x) goes from negative to positive values, etc., so 
that 


JA) < 0, J5(A2) > 0, Ji(A3) < 0,... 
Clearly, we have 
[XJ 0%) — ASX)) x22, = Av OAn)- 


Therefore, the function xJ}(x) — HJ,(x) is alternately negative and positive 
for x = Aj, Ag, A3,..., and hence vanishes at least once between each pair 
of consecutive zeros Ay, Ag, A3,.... This shows that xJj(x) — HJ,(x) also 
has an infinite set of positive zeros. 

It can be shown that the distance between consecutive zeros of both 
T(x) and xJi(x) — HJ,(x) approaches 7 as the distance from the origin 
increases, just as in the case of the zeros of J,(x). However, we shall not 
prove this fact here. 


I!. Parametric Form of Bessel’s Equation 


Let the function y(x) be any solution of Bessel’s equation (1.1). Consider 
the function y = y(Ax), and set Ax = ¢. Since obviously 


2 Uy 


pF 412 4 (2 — pry =0, (11.1) 


substituting 


dy _ldy dy _ 1 dy 
dt nrdx dt?” d2dx2 


into (11.1), and using Ax = ft, we obtain 


oe ae + (2x2 — p)y = 0. 


Thus, if the function y(x) is a solution of Bessel’s equation (1.1), the function 
y(ax) is a solution of the equation 


x2y" + xy’ + (2x2 — p2)y = 0, (11.2) 


called the parametric form of Bessel’s equation, with parameter 4. 
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12. Orthogonality of the Functions J,(2x) 


Let 4 and uw be two nonnegative numbers. Consider the functions 
y =J,(Ax) and z =J,(ux), where p > —1. According to Sec. 11, these 
functions obey the equations 


x2y" + xy’ + (A2x? — p*)y = 0, 
x2z"” + xz’ + (u2x2 — p2)z = 0 


OT 
p? 
xy" + yy — Ty = xy, 
2 
xz" + 2° — Z= —p2xz, 


Subtract the first equation multiplied by z from the second equation multiplied 
by y. The result 1s 
x(yz" — zy") + (y2’ — zy’) = (? — p*)xyz, 
or 
x(y2’ — zy’)! + (yz — zy’) = A? — p*)xyz, 
so that finally 
[x(yz’ — zy’)! = QO? — p?)xyz. (12.1) 


We now integrate (12.1) from 0 to 1, obtaining 
x=1 l 
[x(yz’ — zy’)] o> (A2 — uw?) I. xyz ax. (12.2) 


Since by hypothesis p > —1, the integrand in (12.2) is actually integrable on 
the interval (0, 1]. In fact, since y = J,(Ax), z = J,(ux), it follows from 
(4.3) that 


y = xPo(x), z = xPd(x), (12.3) 


where (x) and d(x) are the sums of power series, and hence represent 
continuous functions with continuous derivatives. Therefore 


xyz] = |x2P+1 g(x)h(a)| < Mx?+1 — (M = const), 


and since 2p + 1 > —1 by hypothesis, this implies the integrability of the 
right-hand side (and hence of the left-hand side) of (12.1). It follows from 
(12.3) that 


[xQz" — zy’)],-0 = 0 
forp > —1l. Therefore, instead of (12.2), we can write 


*] 
xyz! — zy'Jnr = 0? — w2) J xyz dx. (12.4) 
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We now note that 


LVx=t — JAA), [Z] = — I(t); 
while on the other hand 


,_ a 
y= Fx TolAX) = MW (AX), 


2 = p(ux) = whilux) 
so that 
[Ver = YA), [2] -=1 = v5 (uv). 
Thus, (12.4) becomes 


UJ NIU) — (WIZ) = 02 = v2) [xJ,QxJp (ux) dx (12.5) 


So far, A and uw have been arbitrary nonnegative numbers. We now 
impose certain restrictions on A and uw. Consider the following three cases: 

1) } and w are different zeros of the function J,(x), 1e., J,(A) = 0, 
J(u) = 0, A #p. For such values of A and p, the left-hand side of (12.5) 
vanishes. Noting that A* — yw? 4 O, we then obtain 


| xJ,(Ax)J,(ux) dx = 0. (12.6) 


If the factor x were absent in the integrand, the functions J,(Ax) and J,(wx) 
would be orthogonal in the usual sense. In the present case, we say that the 
functions J,(Ax) and J,(wx) are orthogonal with weight x. Of course, we 
might also say that the functions 


Zz) = VxJ,(AX), 27, = V xJ,(x) 


are orthogonal in the usual sense. 
It should be noted that according to (8.1), for p = 1/2, z; and zz reduce to 


Zz, = V2/nsin Ax, Zz. = V2/nsin px, 


where A and uw are numbers of the form mz. According to (8.2), for p = 
— 1/2, we obtain the functions 


Z,; = / 2/1 cos AX, 22 = / 2/7 Cos LX, 


where in this case 4 and uw are numbers of the form (7 + 4)x. Thus, in these 
special cases, we obtain the trigonometric functions, i.e., in the first case we 
obtain the functions sin nnxx (except for a factor), which are orthogonal 
on [0, 1], and in the second case the functions cos (7 + 4$)zx, which are also 
orthogonal on (0, 1]. 
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2) X and p are different zeros of the function J)(x): 
JiA) = 0, Jv) =0 OA p). 


In this case, the left-hand side of (12.5) also vanishes, and hence we still 
obtain the formula (12.6). Thus, here again the functions J,(Ax) and J,(ux) 
are orthogonal with weight x. 


3) Finally, let A and w be two different zeros of the function xJ>(x) — 
HJ,(x): 
JA) — HJ,(A) = 9, 
pd (wu) — Hd,(u) = 9. 
Multiply the first equation by J,(u) and subtract it from the second equation 
multiplied by J,(A). The result is 
LJ (NI(p) — rJ,(wIi(X) = 0. 


Therefore, in this case, the left-hand side of (12.5) also vanishes, and we 
again obtain the formula (12.6), 1.e., the functions J,(Ax) and J,(ux) are 
orthogonal with weight x. 


13. Evaluation of the Integral [, XJ (Ax) dx 


When 4 and vu are different, (12.5) leads to 


Mw IA) = bY pA (H). 


l 
I, xXJ,(ux)J,(Ax) dx = ry 


When wp —A, the fraction on the right becomes indeterminate, since the 
numerator and denominator both approach zero. To “remove”’ this 
indeterminacy, we use L’Hospital’s rule, letting >} = const and w—A. 
This gives 


F303) de = tim MEOHEO) = wh ODEG) = 10) 


_ A) — WGA) — Jo(A)I,A) 


= (13.1) 


= 5 [4709 = Zou — 2A), 


But J,(A), regarded as a function of A, satisfies Bessel’s equation, 1.e., 


n2I%(A) + ATA) + (A2 — p2J,(A) = 0, 
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so that 
/ 2 
— phat (A) — oY) = (1 — F) J(A). 


Therefore, it follows from (13.1) that 


| xI7(AX) dx = ; J’*(a) + ( ~ Ps) J30)) (13.2) 


Thus, we can draw the following conclusions: 
1) If Ais a zero of the function J,(A), then 
! 
| _xJ2(ax) dx = $70). (13.3) 


This formula can be given a different form. We first replace x by A in 
(7.8), obtaining 
AJA) — PIA) = — AJp410). 


Since in the present case J,(A) = 0, we have 


Ji) — Jaa), 


so that 
J, xJpQx) dx = 354100). (13.4) 
2) If Ais a zero of the function J((A), then 
l 2 
[ xJ2(Ax) dx = 5 ( — P) Je (A). (13.5) 


*14. Bounds for the Integral {. xJ (Ax) dx 


The following inequality, valid for sufficiently large A, will be useful later 


K_ft_y M 
— < {, xJ5(Ax) dx < > (14.1) 


Here K > 0 and M > O are constants (which can depend on p). Obviously 
we have 


Ip 
| 30x) dx = 5 | _td2(0) dt. (14.2) 


According to the asymptotic formula (9.16) 


2A 
VCO] < 7 
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for sufficiently large t, and hence 
ho, r 
| tJi(t) dt < M | dt = Mx (M = const). 
0 0 


In view of (14.2), this implies the right-hand inequality in (14.1). 
On the other hand, by the same asymptotic formula (9.16) 


tJ (t) = (4 sin (f + w) + “) 


2Arsin({ +o). r 
f f 


= A2sin?(t + w) + 
> A*sin2(t + w) — - (L = const) 
for large ft, 1.e., for tf > Ap. But then 
f 1J°(t) dt > iN tJ°(t) dt > f (42 sin? (tf + w) — =] dt 
= Az in sin? (¢ + w) dt — Liln&a — Indy) = KA (K = const, K > QO), 


and in view of (14.2), this implies the left-hand side of (14.1). 


15. Definition of Fourier-Bessel Series 


The rest of this chapter is devoted to the study of Fourier expansions with 
respect to Bessel functions. Let A,, A2,...,A,,... be the positive roots of 
the equation J,(x) = 0 (p > —1) arranged in increasing order. According 
to Sec. 12, the functions 


TiAiX)s FpA2X), «6 5 FAnX), - - - (15.1) 


form an orthogonal system on [0, 1], with weight x. To give the reader some 
idea of the appearance of the functions of the system (15.1), in Fig. 46 we 


y 


y- A (AyX) 


FIGURE 46 
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draw the graphs of the functions J,(A;x), J;(A.x), J;(A3x) on the interval 
[O, 1]. The functions J,(A,x) (7 = 3,4,...) on [0,1] become more and 
more complicated, i.e., the number of “‘oscillations”’ increases. 

For any function f(x) which is absolutely integrable on [0, 1], we can form 
the Fourier series with respect to the system (15.1), or briefly, the Fourier- 
Bessel series 


F(X) ~ CyF (Aix) + Coo ,(A2X) + °°, (15.2) 


where the constants 


1 
\I(d,x) d 
Ch = J PCO) de —a [ Xf(X) I(x) dx (15.3) 
| 0 XJ a (Anx) dx J tian) 0 


are called the Fourier-Bessel coefficients of f(x). These coefficients can be 
obtained by using the following formal argument: Instead of (15.2), we write 


T(X) = CJ ,(yx) + Codp(Agx) +: °°. (15.4) 


We multiply both sides of (15.4) by xJ,(A,x) and integrate over the interval 
[O, 1], assuming that term by term integration 1s justified. Because of the 
orthogonality (with weight x) of the system (15.1), the result 1s 


] 1 
[xf C)T,OnX) dx = cy | xJ?(nx) dx, 
0 0 


which implies (15.3). [See equation (13.4).] 

If the equality (15.4) actually holds and if the series on the right converges 
uniformly, then term by term integration 1s known to be legitimate, and 
hence the coefficients c, must be given by the formula (15.3). However, just 
as in the case of ordinary orthogonal systems (see Ch. 2, Sec. 2), we first use 
(15.3) to form the series (15.2), and only later examine the convergence of the 
series to f(x). 


16. Criteria for the Convergence of Fourier-Bessel Series 


We now state without proof the most important criteria for the con- 
vergence of a Fourier-Bessel series to the function from which it 1s formed. 
These criteria are analogous to those with which we are familiar in the case 
of trigonometric Fourier series (see Ch. 3, Secs. 9 and 12). However, the 
proofs are much more complicated than in the case of Fourier-Bessel series, 
and hence we omit them. 


THEOREM I. Let f(x) be a piecewise smooth, continuous or discon- 
tinuous function on [0,1]. Then the Fourier-Bessel series (p => —4) of 
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(x) converges for 0 < x < 1. Moreover, its sum equals f(x) at every 
point of continuity of f(x) and 4[ f(x + 0) + f(x — 0)] at every point of 
discontinuity of f(x). 

The series always converges to zero for x = 1, and converges to zero 
for x = Oif p > 0 (since all the functions of the system vanish for these 
values). We note that for p < 0 all the functions of the system (15.1) 
become infinite for x = O [see (4.1)], so that it is meaningless to talk of 
convergence of the series at x = 0. 


Remark. Instead of piecewise smoothness of f(x) on [0, 1], it is 
sufficient to require piecewise smoothness of f(x) on every subinterval 
[5, | — 6] where 6 > 0, in addition to the requirement that f(x) [or even 


/xf(x)] be absolutely integrable on the whole interval [0, 1]. 


THEOREM 2. Let f(x) be continuous and have an absolutely integrable 
derivative on the interval [a,b], where 0 <a<b< 1. Then, the 
Fourier-Bessel series (p => —4) of f(x) converges uniformly on every 
subinterval [a + 6, b — 8], where 5 > 0. 


THEOREM 3. Let f(x) be absolutely integrable on [0, 1], let f(x) be 
continuous and have an absolutely integrable derivative on the interval 
[a, 1], where 0 < a < 1, and let f(x) satisfy the condition f(1) = 0. 
Then the Fourier-Bessel series (p => —4) of f(x) converges uniformly on 
every subinterval [a + 6, 1], where 6 > 0. 


The condition f(1) = 0 is quite natural, since all the functions of the 
system (15.1) vanish for x = 1. 


Remark. In Theorems 2 and 3, it is sufficient to require only absolute 
integrability of Vx/(x). 


Example. Expand the function f(x) = xe (p > —4) for 0 <x <1 in 
Fourier-Bessel series with respect to the system 
T(AYX), Fn(Aox), 2.2, JAX)... 
By formula (15.3) 


_ 2 
Je. ] (A,,) 


C, = i, KPH (A,X) ax (7 = 1,2,...). 


But we have 


| 


“| 
-p+] . -_ 
{ XPT (A,X) dx = pa2 
fl 


“An 
I, Pris (t) dt. 
According to formula (7.1) (with p replaced by p + 1) 


d 
© [1P*J,.(Q] = PH, (0). 
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Therefore 
An i ATI 
[Pres at = |" rp OY dt = Lr, a(O) "= pO), 
. t=0 
so that 
1 
[ xP*1J, 0x) dx = = JpxiQn). (16.1) 
It follows that 
2 
Cc, = ——— n= 1,2,...). 
AnJ n4.1(An) ( 
Thus, by Theorem 1, we can write 
xP = 2 ( JAM) Sp(AoX) | 
AJ 5411) dod n+ 1(A2) 


forp > -—4and0 <x <1. 


*17. Bessel’s Inequality and Its Consequences 


The orthogonality with weight x of the functions of the system (15.1) can 
be regarded as ordinary orthogonality of the functions 


VXI AMX), VXI (AX), 05 VXI (Ap), ooo (17.1) 
Therefore, if we wish to make a Series expansion of a function f(x) with 


respect to the system (15.1), we can first make a series expansion of the 


function Vxf(x) with respect to the ordinary orthogonal system (17.1), 
obtaining 


Vxf(X) ~ CV XIX) + Cx XI (2X) $e, 


and then go over to the expansion (15.2). (It is easily verified that the 
coefficients of both expansions are the same.) These considerations allow 
us to apply the results of Ch. 2 to Fourter-Bessel series. 

Thus, assuming that F(x) = Vxf(x) is a square integrable function (which 
is certainly the case if f(x) itself is square integrable) and applying Bessel’s 
inequality (see Ch. 2, Sec. 6), we obtain 


[Pode > > ed|vxJ,0.99 2 


n=] 


OT 


| xf*(x) dx > S Cc? f. xT 7 (AX) dx. 
n=O 
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Consequently, we have 


lim ci I xJ°(AnX) dx = 0. 


nN—> C 


But according to (14.1) 


1, K 
I XIN Anx) ax 2 7 (K > Q) 


Pa) | 
one 


for all sufficiently large n, and therefore 


OF 


lim —~ = 0. 17.2 
noe Vi, 07.2) 


Even more can be said: It follows from the asymptotic formula (9.16) 
that 


J (x)| < — 
Y0)] < 
for all sufficiently large x, and hence for every fixed x > 0 
2A 
J (A,x)| < = 17.3 
Yo) Vx ur) 
if n 1s sufficiently large. Then, using (17.2), we obtain 
lim |c,J,(A,x)| = 0 (17.4) 


for every fixed x > 0. Thus, if f(x) is square integrable, the general term of 
the Fourier-Bessel series of f(x) always converges to zero(x > QO). Ifp > 0, 
then obviously this will also be the case for x = 0 (since all the functions of 
the system (15.1) vanish for x = 0). Finally, it follows from (15.3) that 


] l 
| p(Anx) dx = Cy | xTROnx) a, 


or by (14.1) 


| Xf(X)I (Ax) dx 


Su 
for sufficiently large 1, so that by (17.2) 


l 
lim | OI (Mx) dx = 0. (17.5) 
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This is the analog of the property of the trigonometric integrals discussed in 
Ch. 3, Sec. 2. 


Equations (17.2) and (17.5) are true not only for square integrable 
functions, but also for arbitrary absolutely integrable functions. (We 
omit the proof.) 


*18. The Order of Magnitude of the Coefficients which Guarantees 
Uniform Convergence of a Fourier-Bessel Series 


THEOREM |. /f p > 0 and if 


C 
Ic,| < Nees (18.1) 
where ¢ > QO and c are constants, then the series 
Cy (A,X) + Cod (A2X) +--+ Crd p(AnX) = (18.2) 


converges absolutely and uniformly on {[Q, 1]. 


Proof. Forp 2 0, the function J,(x) is bounded in the neighborhood 
of x = 0. By the asymptotic formula (9.16), J,(x) is bounded for large 
x. Therefore, J,(x) is bounded for al/ (positive) x, i.e., 


len p(Anx)| < le, |L (L = const), 
so that by (18.1) 
cL 


Ite 
hi, 


| CJ, (A,X) | ~< 


But since A,i; — A,-—>7 aS n-—> 0 (see Sec. 9), it follows that for 
n > m (where #7 1s some fixed number), 


h, > Ay + Ot —m=Hnth (fh = const). 


Therefore, if 1s large, A, 2 4” and 


l 2 
— <<. 18. 
A, (18.3) 
Consequently, for large » we have 
A,xX)| < a H= 
or nX)| _ nite ( — const). 


Theorem | now follows from the fact that the right-hand side of this 
inequality is the general term of a convergent numerical series. 
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THEOREM 2. If p > —4 and if 


Cc 
+e’ 
NG /2) 


lcn| < (18.4) 


for all sufficiently large n, where « > 0 and c are constants, then the series 
C1V X TAX) + CoV xT (Aox) Be + eV X IA X) +++ (18.5) 


converges absolutely and uniformly on the interval (0, 1]. This implies 
that the series (4.2) converges absolutely and uniformly on every sub- 
interval [8, 1], where 5 > 0. 


Proof. For p > —4, the function Vx J(x) is bounded as x > 0 
[see equation (4.3)]. According to the asymptotic formula (9.16), 


Vx J,(x) 1s bounded for large x. Therefore, J,(x) is bounded for all 
(positive) x, Le., 


|/ Xi, TA, x)| < L (L = const) 


and hence for any x 1n [0, 1] we have 


lx T(AnX)| < Fi (18.6) 
It follows that 
L cL 
Cr Vx JI(A,x)| < o Sik Alte 
or by (18.3) 
H 


lopWx T(Anx)| < (H = const). (18.7) 


nite 


The right-hand side of (18.7) 1s the general term of a convergent numer- 
ical series. This proves the first part of the theorem. The second part 
of the theorem 1s a consequence of the following inequality, obtained 
from (18.7): 


H H 
x nite S75 pits nite 


THEOREM 3. Jf p > —1 and if 


lend Onx)] < T (<x <1). 


C 
C < ———> 
| nl ~ M2) +e 


for all sufficiently large n, where « > 0 and c are constants, then the series 
(18.2) converges absolutely and uniformly on every interval [8, 1}, where 
S > 0. 
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Proof. Let} <x <1. By the asymptotic formula (9.16), 


yw < 24 
J AXx)| < \/\ 
for all sufficiently large x, i.e.. for x > Xo. Moreover, the inequality 


A,O 2 Xo holds for all sufficiently large 7. Therefore if x > 5, we have 
A,X 2 Xo a fortiori, and hence for 38 < x < 1 


| 2A 2 
T,AX)| < Sa= S OSS 
YpOnr)| Vin,0 VA,S 
so that 
2A |c,,| 
CJ AX < — —, 
endo ner) V5 Vi, 
or 
2Ac | 
CJ p(AnX)| < V5 ie 
By (18.3), this implies 
[nF (Anx)| < an (H = const) 


for all sufficiently large x. Theorem 3 now follows from the fact that 
the right-hand side of this series is the general term of a convergent 
numerical series. 


Remark. Inthe conditions (18.1) and (18.4) of Theorems 1, 2, and 3, 
we can write simply 7 instead of A,, [in view of (18.3)]. 


Example 1. The series 


JyQox) 4 Saux) 


J y(A,X) + 42 + 72 7. a 


is absolutely and uniformly convergent on [0, 1], since here p = 1, « = l, 
and hence Theorem | 1s applicable. 


Example 2. The series 


J AoX J_ Ax 
J_ 4 ;4(A1X) + aon) SO oe ssn’) 4 ... 


is absolutely and uniformly convergent on every interval [3,1], 3 > 0, 
while the series 


Vix J_ 4 ;4(A2X) deve Vx J ;4(AnX) toon. 


Vx J 4(%)) + 9) i 


228 BESSEL FUNCTIONS AND FOURIER-BESSEL SERIES CHAP. 8 


is absolutely and uniformly convergent on the whole interval [0,1]. Here 
Theorem 2 is applicable. 


Example 3. The series 


d d 
Fae) 4 g Sayan) 


J_3j4Q1x) + 7 


is absolutely and uniformly convergent on every interval [3,1], 6 > 0. 
Here Theorem 3 is applicable. 


*19. The Order of Magnitude of the Fourier-Bessel Coefficients 
of a Twice Differentiable Function 


LEMMA. Let F(x) be a twice differentiable function defined on the 
interval [0,1], such that F(O) = F’(0) = 0, F(1) = 0, and such that 
F"(x) is bounded (the second derivative may not exist at certain points). 
Then, if » is a zero of the function J,(x), where p > —1, the inequality 


| Vx F(x)J,(Ax) dx} < x 


5573 (R = const) (19.1) 


holds. 
Proof. According to equations (9.1) and (9.2), the function 
z(t) = VtJ,(t) 
satisfies the equation 


2— 1 
4 


2"(t) + ( -P = 2 - 0, 


If we set ¢ = Ax, then 


1 dz 


Zz (t) = \ ax 
, 1 d2z 
2°09 = 33 ae 
so that 
1 d2z p= —4 
dt ( JE? ) z= 0 
or 


2 2 1 
mat (2-2 *) 2 = 0. (19.2) 
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Thus, the function z = VAx J (Ax) satisfies the equation (19.2). But 
then the function z = Vx J(Ax) also satisfies (19.2), since it differs 
from VAX J (AX) only by a constant factor. 

We now set p2 — + = nin (19.2) obtaining 


1 ({m , 
~ 2527 7 7 
m1 


{ F(x)z dx = s F( (752 — 2"| dx. 


N 


It follows that 


I= | Vx F(x)J,(Ax) dx 


Since 
(F’z — Fz’) = Fz — Fz", 
we have 
p= 4.) [(Foo% — re) 2+ @:- me i 
= sf, (Fo \S — F)) zdx + [F'z — Fz’). 
But 


[F’z — F2'}f25 = [F’()2(1) — F()2’C)] — [F’)z(0) — F(0)z'(0)] = 
in view of the following facts: 

1) 2(1) = [WxJ,(Ax)],-1 = J,(A) = 0 and F’(1) is finite; 

2) F(1) = 0 by hypothesis and z’(1) ts finite; 

3) By Taylor’s formula, F’(x) = xF"(0x) (0 < 9 < 1), while 


z= Vx JAx) = xP+G/2(x), where (x) is continuous and differenti- 
able, being the sum of a power series [see equation (4.3)]. Therefore 


F'(0)z(0) = lim F’(x)z(x) = lim xPtG/2eo(x)F"(Ox) = 0 
x—>0 x—>0 


since F” is bounded and p > —1; 
4) By Taylor’s formula, F(x) = 4x2F"(0x) for 0 < 0 < 1, while 
Z'(x) = (xP C/Ag(x)J 
= (p + HxP-U2g(x) + x°+1/29'(x), 
so that 
F(Q)z'(0) 


| 


lim F(x)z'(x) 
x—0 


$ lim [(p + 4)xP+G/20q(x) + xP+5/29'(x)F"(Ox) = 0. 
x—0 
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Using all these facts, we find that 


l ] 


4= 5), 


(Fo) a F(x] z dx. (19.3) 


As we have already noted, it follows from Taylor’s formula that 
F(x) = 4x2F"(0x) (0 < 0 < 1) 


near x = 0. This implies that the integrand of (19.3) 1s bounded. 
But then 


| (Fw m F(x) z dx 


1 
3 <L I lz} dx (ZL = const). 


Thus, by the Schwarz inequality [see equation (4.1) of Ch. 2] 
1 2 1 1 M 
_ 2 ” _ 
(I Z| dx < I z2 dx = \, XI Ax) dx < 7 (M = const) 
[see also equation (14.1)], and therefore 
[ lelax < VMI (19.4) 


If we use (19.4), it follows from (19.3) that 


which proves the inequality (19.1). 


THEOREM 1. Let f(x) be a bounded and twice differentiable function 
defined on the interval [0, 1], such that f(0) = f'(0) = 0, f(1) = 0, and 
such that f"(x) is bounded (the second derivative may not exist at certain 
points). Then the Fourier-Bessel coefficients of the function f(x) satisfy 
the inequality 
aa 


S373 (C = const). (19.5) 


Ic, S 


Proof. If f(x) satisfies the conditions of the theorem, so does the 
function F(x) = Vxf(x). Therefore, applying the lemma, we obtain 


1 1 
| X T(x)Ip A,X) dx} = | 5 Vx F (x)J,(A,x) dx 
R 
S 5572 (R = const). 
By equation (14.1) 
1 ' K 
2 
| xPOx) dx >= (K #0), 


“7 
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so that 


| [ Xf(X)I (Ax) ax 


ron = 7 S —;) 
| { xI7(Ax) ds| n 


which proves the required inequality (19.5). 


Remark. Theorem | remains true if we impose the requirements of 


the theorem on the function F(x) = x f(x) instead of on f(x), since 
we actually applied the lemma to F(x). 


The following proposition supplementing Theorem 2 of Sec. 16 is a 
consequence of Theorem 1: 


THEOREM 2. Let f(x) be a function which is continuous and twice 
differentiable on the interval [0, 1), let f(0) = f’(0) = 0, f(1) = 0, and 
let f"(x) be bounded (the second derivative may not exist at certain points). 
Then, the Fourier-Bessel series of f(x) converges absolutely and uniformly 
on every subinterval [5,1] where 0 < 1 if p > —1, and on the whole 
interval [0, 1] if p > 0. 


Proof. Ifp > —1, the assertion follows from the preceding theorem 
and Theorem 3 of Sec. 18. If p > 0, the uniform convergence on the 
whole interval [0, 1] follows from the preceding theorem and Theorem 
1 of Sec. 18. 


Remark. If we use Theorem 2 of Sec. 18, then with these conditions 
on f(x) and with p > —4, we obtain absolute and uniform convergence 
of the series (18.5) on the wio/e interval [0, 1]. 


*20. The Order of Magnitude of the Fourier-Bessel Coefficients 
of a Function Which is Differentiable Several Times 


THEOREM 1. Let f(x) be a function defined on the interval [0, 1] such 
that f(x) is differentiable 2s times (s > 1) and such that 


1) $0) =f) =: ++ = fe) = 0; 
2) f2(x) is bounded (this derivative may not exist at certain points); 
3) fl) =f") =++-= fea) = 0. 


Then the following inequality is satisfied by the Fourier-Bessel coefficients 
of f(x): 


C 


EEtIF (C = const). (20.1) 


Cn] < 
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Proof. It is easy to see that the function F(x) = Vx f(x) also 
satisfies the conditions of the theorem. In particular, F(x) satisfies the 
conditions of the lemma of Sec. 19 and hence satisfies (19.3), 1.e., 


T= | xf(X)J,Onx) dx = | VX F(x)Ig(dyx) ax 
0 p 0 


=|. F(x)z dx = = 1, (2 F- F’\z dx, 


where m = p2?—1, z=Vx J(A,x). If F, denotes the function in 
parentheses in the last integral, then we have 


lori 
= ar F\zdx. 


Since the function F; satisfies all the conditions of the lemma, this time 
(19.3) gives 


Il fl 
[= x4 I, F4z ax, 

where we have written 
m LA 
F, = a F — F; 


If s > 2, then F, again satisfies the conditions of the lemma, and in fact 
we Can repeat the argument s times, finally obtaining 


= 525 =I, Fz dx, 
where 
m LA 
F, — x2 Ps-1 _ Fe-\ 


is a bounded function. 
It follows that 


1 1 
< — 
|, F,zdx| < L I. \z| dx (L = const). 


By (19.4) 
1 
I, Iz} dx < VM/),, (M = const), 
so that we have 


LVM 


|| S 2s+(1/2) 
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But 


! | Xf(X)I (Ax) ax 


Cn| = I 
| \, XI2(K,X) AX 


3 


and since 


! 
I. XIZ(A,X) dx 2 


K 
a, (K > 0), 


according to equation (14.1) we finally obtain 


LVM | 


In| < K 28-2)’ 


which proves the inequality (20.1). 


The next result 1s a consequence of Theorem |: 


THEOREM 2. If the hypotheses of Theorem | are met for s > 1, then 


1) For p > 0 
H 
Cnt p(Anx)| < SIUIPS (H = const) (20.2) 
foranyx O< x <1); 
2) For p > —4 
L 
Cd p(AnX)| < Vue (L = const) (20.3) 


for allx (0 < x < 1) uniformly; 


3) For p > —1, the inequality (20.3) holds for each x (0 < x < 1) 
ifn > n(x). (In this case, there is no uniformity in x.) 


Proof. In Sec. 18 (see the proof of Theorem 1), we saw that the 
function J,(x) is bounded for p > 0. Hence, the inequality (20.2) is an 
immediate consequence of (20.1). For p 2 —4, since J,(A,x) satisfies 
the inequality (18.6), we need only apply (20.1) to get (20.3). Finally, 
for p > —1, it follows from the asymptotic formula (9.16) that 

L 


FAGwe) < Vx (L = const), (20.4) 


n 


for every x (0 < x < 1) andn > n(x). Again using (20.1), we obtain 
(20.3). 
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*21. Term by Term Differentiation of Fourier-Bessel Series 


Given a Fourier-Bessel series 


cO 


Ix) = 2 Codon) (21.1) 


we now find sufficient conditions for the validity of the equality 


S'() = > (end (rX)) = > Cand, (AnX). (21.2) 
n= 1 n=] 
It follows from formula (7.8) that 
[AnXd (AX) | —= | PIA, x) _ AnXI p41 A,X) (21 3) 
< | PI (Aux) + JAI 4 (Ap) | 


We assume that p > —1, so thatp + 1> 0. Therefore, the quantity 
IV nx Tran) | 
is bounded, by the asymptotic formula (9.16), and hence 
AnXT (Aux) | < | pI,Anx)| + Vi, H (H = const), (21.4) 
where we consider only values of x such thatO < x < l. If 


C 


—a, pa De 
A3/2)+8 


(21.5) 


Ic,| < 


where ¢« > O and C are constants, then for x > 0 


Cp | Jp(A,x) 
N3/2)+8 x 


CH 


\+ex 
4} 


|CnAnd p(Anx)| < 


or by (20.4) 


CLp CH 


t < ; 
|CpAnd pAnx) | ~ tex x AL +ex 


This implies at once [see (18.3)] that the series (21.2) converges for0 < x < | 
and converges uniformly on every subinterval (3, 1] where O < 6 < 1. The 
last fact implies the validity of (21.2) forO0 < x < 1. 

As for the validity of (21.2) for x = 0, 1f p < 1, p # 0, it Is easy to see 
that all the functions J)(A,.x) become infinite for x = 0, since J,(x) = x?o(x), 
where (x) 1s differentiable and o(0) # O [see (4.3)], and therefore in this 
case (18.2) becomes meaningless. If p > 1, then (7.9) implies that 


J nAnX) = +[J,-1An*) — Jian X)], 
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where the functions in the right-hand side have nonnegative indices and 
hence are bounded. Then 


ICnAnd (AX) | < |CyAn| A (H = const), 
so that if 


C 


) 
2+€ 
Mi 


lenl < (21.6) 


the series (21.2) is uniformly convergent [cf. (18.3)] on [0, 1], i.e., (21.2) 
holds everywhere on the interval [0,1]. Finally, if p = 0 we have 


ln To(AnX)| — [Andy (A,X) | 
instead of (21.3). Since the function J, is bounded, then 


CH 


Cyn J o(%)| < I +e 
Hl 


if (21.6) holds, and the series in (21.2) is again uniformly convergent, so that 
(21.2) is valid for all x in the interval [0, 1]. 
Thus, finally, we have proved the following theorem: 


THEOREM |. Jf p > —1 and if c, satisfies the condition (21.5), then the 
series (21.1) can be differentiated term by term for QO <x <1. Tf 
p =0or p 2 | and c, satisfies the condition (21.6), then the series (21.1) 
can be differentiated term by term everywhere on {0, 1}.3 

We now find a sufficient condition for differentiating the series (21.1) 
twice term by term, 1.e., for the validity of the relation 


1° @) 


$x) = Shp)" = SG A"Oyx). (21.7 


Since J,(x) 1s a solution of Bessel’s equation, we have 
2 " ! 2... _ 
Ay x?T (A,X) + AXIO) + (Aj,x? i p*)I (Ax) = 0. 
Thus 
Aix2T (An) — | = AXT F(A, x) 7 hi X2IT(AyX) + pJ,(r,X)| 
<A (Ayx)| + AGX2T (AnXD)| + | p2t,(nx)|, 
so that by (21.4) 


XAT (A X)| S [PIp(AnX)| + VA, H+ [Aix (Awx)] + | pT p(An)]- 


3 Note that the convergence of the series (21.1) itself follows from (21.5) and (21.6) 
and the theorems of Sec. 18. 
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Therefore, we have 


lc, J"(0,,X)| < |e,| <> HIV AV An + os + pe + 5 Cad (An x) |- 


n© p 


If 
C 


5/2)+e° 
INS ) 


(21.8) 


In| < 


where « > 0 and C are constants, then by (20.4), we obtain 


CH, CL(|p| + p?) CL 


27" . 
IC ACS (A, x)| < A2+e x2 A3+ex2/ x Alter/ x 


n@ p 


This together with (18.3) implies the convergence of the series in (21.7) on 
every interval [6, 1], where 0 < 6 < 1. Since the condition (21.8) implies 
the convergence of the series (21.2) for 0 < x < 1, the uniform convergence 
of the series in (21.7) on every interval [6, 1] implies that (21.7) is valid for 
O<x <li. 

Next we observe that for —1 < p < 2, p # 0, p # 1, all the functions 
JA, x) become infinite at x = 0, since J,(x) = x?o(x), where o(x) is the sum 
of a power series [~(0) # 0] and hence is differentiable any number of times 
[see equation (4.3)]. Therefore, in this case the relation (21.7) becomes 
meaningless. Finally, we note that an argument similar to that given in 
connection with Theorem 1 can be used to show that for p > 2, p = 0 or 
p = 1 and for 


C 


346° 
Are 


lenl < (21.9) 
where « > Q and C are constants), the relation (21.7) holds everywhere on 
[(O, 1]. Thus we have 


THEOREM 2. If p > —1 and if the coefficients c, satisfy the inequality 
(21.8), then the series (21.1) can be differentiated twice term by term for 
O<x<1.4 fp =0,p = lorp = 2, and if the c, satisfy the condition 
(21.9), then term by term differentiation is possible everywhere on [0, 1]. 

As a corollary of Theorem 2, we obtain 


THEOREM 3. [f the hypotheses of Theorem 1 of Sec. 20 are met for 
s = 2, then the Fourier-Bessel series of the function f(x) can be differen- 
tiated twice term by term forQ <x <1 if p> —1 and everywhere on 
(0, 1] if p = 0, p = 1 or p 2 2. 


4 The convergence of the series (21.1) itself follows from (21.8) or (21.9) and the theorems 
of Sec. 18. 
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In fact, in this case, according to (20.1) 


C 
ICnl < sq «= (C = const), 
fl 


and we need only apply Theorem 2. 


22. Fourier-Bessel Series of the Second Type 


We now let A), Az,..., A,,.-. be the roots of the equation 
XJ (x) — HJ,(x) = 0 (H = const), (22.1) 
arranged in increasing order. For H = 0, this equation becomes 
J(x) = 0. (22.2) 


The existence of an infinite set of positive roots of equation (22.1) [and in 
particular of equation (22.2)] was proved in Sec. 10. Moreover, according 
to Sec. 12, for p > —1 the functions 


TAX), FAX), «5 Fp(AnX), --- (22.3) 


form an orthogonal system on [0,1], with weight x. The considerations 
given below pertain to the case where the A; are the roots of (22.1); all the 
results are valid for the special case where the system (22.3) corresponds to 
the roots of (22.2). 

Let f(x) be any function which is absolutely integrable on [0,1]. Then 
we can form the Fourier series of f(x) with respect to the system (22.3). 
We shall call such a series 


T(x) ~ CJ (Ayx) + CoS (A2X) ++: (22.4) 


a Fourier-Bessel series of the second type; here the constants 


f. Xf (x)F (nx) ax 


Cy = ] 

i. xJ 3(A,X) dx 

= hy [. xf (x)J (A,X) dx (22.5) 
 WATPOAn) + (AZ — p?2)J2An) ¥ 0 oo | 


just like ordinary Fourier-Bessel coefficients (or for that matter, just like 
Fourier coefficients in general), can be obtained by the usual formal argument. 
We have the following theorem, which closely resembles Theorem 1 of Sec. 16: 


THEOREM. Let f(x) be a piecewise smooth (continuous or discon- 
tinuous) function defined on [0,1]. Then the Fourier-Bessel series of 
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f(x) of the second type(p = —4,p > H)convergesfor0< x <1. More- 
over, its sum equals f(x) at every point of continuity of f(x) and 


41 f(x + 0) + f(x — 9)] 
at every point of discontinuity of f(x). 


For x = 1, the series converges to the value f(1 — 0); if f(x) 1s con- 
tinuous at x = 1, the series converges to f(1). If p >-O, the series con- 
verges to zero, since in this case all the functions of the system (22.3) vanish 
at zero. Since all the functions (22.3) become infinite at x = 0, it is meaning- 
less to talk about the convergence of the series at x = 0. 

We omit the proof of this theorem, noting only that the condition 
p > H (which has no analog in the theorems of Sec. 18) is required because 
of complications that arise when p < H. It turns out that if p < H, then 
the theorem is true only if we add a new function to the system (22.3). For 
example, if p = H the new function is x?, and instead of (22.3) we have to 
consider the new orthogonal system 


xP, IA x), J(A2X), ---- 


In this case, the orthogonality of the function x? (with weight 1) to the other 
functions is a consequence of the following two facts: 
1) x = 01s a root of the equation 


x(x) — pJ,(x) = 0 


[see equation (7.8)]; 
2) x? satisfies Bessel’s equation with parameter 4 = 0, 1.e., the equation 


x*y" + xy — p*y = 0, 
as can be verified directly. 


Therefore, we can apply to the functions x? and J,(A,,x) all the considera- 
tions of Sec. 12 (where the orthogonality of the solutions of the parametric 
form of Bessel’s equation was discussed). For p < H, the “additional” 
function is much more complicated. Thus, for simplicity, we restrict 
ourselves to the case p > H. A remark like that made after the statement of 
Theorem | of Sec. 16 also applies to the present theorem, and moreover, 
there are also two theorems completely analogous to Theorems 2 and 3 of 
Sec. 16, with the supplementary condition p > H in both cases and the 
elimination of the condition f(1) = 01in the second case. (The remark made 
in connection with Theorems 2 and 3 of Sec. 16 remains in force.) 


Example. Make a series expansion of the function f(x) = x? (0 < x < 1) 
with respect to the system 


TAX), Fo(A2X), © 22s FAOANX), oe 5 (22.6) 
where the i, are the roots of the equation J,(x) = 0 (p > 0). 
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By formula (22.5) 


22 } 
C= So XPHIUT OX) dx, 
(Ay, — p?)J5(A,,) “0 P 


and by (16.1) 
l 
| SPT (Ox) A = 5 Jp 1 0) 
Therefore, by the theorem given above, we can write 


S And p¢-1(An)J p(AnX) 
yp = 9) ny’ p+] nIY Pn ; 


We now ask whether this expansion holds for p = 0. The answer is 
negative, since for p = 0 


Jn) — J,) = — J (A,,) = (0) 


[where we have used equation (7.8)]. Thus, the right-hand side of (22.7) 
is zero, while the left-hand side is f(x) = x° = 1. The reason why the 
expansion fails for p = 015s the following: In our case H = 0, so that p = H. 
Then, as remarked above, the system (22.6) must be supplemented by the 
function x? = x9 = 1. If we denote the coefficient corresponding to this 
function by cg, we obtain 


; xf(x)-1 dx 


Co = = |, 


i 
| x-12 dx 
0 
since f(x) = 1. Moreover, c, = 0 if 7 = 1,2,.... Therefore, instead of 


(22.7) we obtain the expansion 
l=14+0+04-:>:., 


which is obviously valid! 


*23. Extension of the Results of Secs. |7—2! to Fourier-Bessel 
Series of the Second Type 


In the theorems of Secs. 17 and 18, we essentially made no use whatsoever 
of the assumption that the numbers 4, are the roots of the equation J,(x) = 0. 
Therefore, these theorems are equally true for Fourier-Bessel series of the 
second type. However, in the lemma of Sec. 19, we did use the condition 
JA) = 0 to prove the formula (19.3). Thus, we now need a new lemma, 
which we proceed to prove. 
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Lemma. Let F(x) be a twice differentiable function defined on (0, 1], 
such that F(0) = F’(0) = 0, F’(l1) — (H + 4)F()) = 0, and such that 
F"(x) ts bounded (the second derivative may not exist at certain points). 
Then, if is a root of the equation 


xJi(x) — HJ,(x) = 9, 


where p > —1, it follows that 


i 
[= Y, Vx F(x) J,(Ax) ax! < (R = const). (23.1) 


R 
5/2 


Proof. We arrive at the equality 


1 f} m ” / 1]x= 
I= (FS - Fy) ede + (Fz - Fe x= 


just as in the lemma of Sec. 19, and the whole problem reduces to showing 
that the last term vanishes. This last term is the difference 


[F’()z(l) — FC)2"()] — [F°)z) — £()z'(0)]. (23.2) 


We begin by calculating the first term in brackets. Since z = V xJ,(Ax), 
we have 


z(1) — JAA); 


z'(1) = [ee + 2~Vx J,0.2)) 


= “Ay + AJA) = (H + 4)J,(A), 


where we have used the condition AJ,(A) — HJ,(A) = 0. But then the 
first term in brackets is just 


[F'(l) — (4 + 2)FO) MO), 


which vanishes by the hypothesis of the lemma. The fact that the 
second term in brackets in (23.2) vanishes, and indeed the rest of the 
proof follows by just the same method as in the lemma of Sec. 19. 


The lemma just proved leads to the following result: 


THEOREM |. Let f(x) be a twice differentiable function defined on the 
interval [0, 1], such that f(0) = f'(0O) = 0, f’() — ASC) = 0,° and such 


5 The condition f’(1) — Af(1) = 0 appears artificial at this point, but it arises quite 
naturally in the applications. 
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that f"(x) is bounded (the second derivative may not exist at certain points). 
Then the inequality 
C 


ICnl < Sart (C = const), (23.3) 
is obeyed by the Fourier coefficients of f(x) with respect to the system 


(22.3). 


Proof. If F(x) = Vx f(x), then obviously F(0) = F'(O) = O and 
F"(x) 1s bounded. Moreover 


F(a) = £2 + vero) 


so that 
Fd) — (7 + $)FC) 
= 3/0) +f) —- (4 + 3)f0) =f) — ASC) = 0. 


Thus, the lemma can be applied to the function F(x); the result is 


= { Vx F(x)J(A,,x) dx} < x 


5/2 
ds 


| xf (x)I(A,.x) dx 


Since by formula (14.1) 


(R = const). 


2 K 
| xJ2Q,.x) dx > ~  (K> 0) 


we obtain (23.3), taking account of (22.5). 
Theorem | and the results of Sec. 18 imply 
THEOREM 2. Let f(x) be a twice differentiable function on the interval 
[0,1], such that f(O) = f'(0) = 0, fd) — Af() =0 and such that 
I(x) ts bounded (the second derivative may not exist at certain points). 
Then the Fourier-Bessel series of f(x) of the second type converges abso- 


lutely and uniformly on every subinterval [8, 1], where0 < 8 < lifp > —-1 
and on the whole interval {[0, 1] if p > 0.® 


Finally Theorems 1 and 2 of Sec. 21 apply equally well to Fourier-Bessel 
series of the second type. 


24. Fourier-Bessel Expansions of Functions Defined on the 


Interval [0, /] 


Let f(x) be an absolutely integrable function defined on the interval 
[O, /], and set x = /tort = x//. Then the function o(t) = f(/t) 1s defined on 


6 If the condition p > H appearing in the theorem of Sec. 22 is not met, then the series 
need not have f(x) as its sum. 
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the interval [0, 1] of the t-axis, and we can write 
Ot) ~ Cy (Aqt) + Cod (ot) Fe + OW Ant) +:-°, (24.1) 


where 
CC, = ae [. tee(t)I (Ant) dt (1 = l, 2, a .) 
J 41(An) 0 


in the case of a Fourier-Bessel series of the first type, or 


222 1 
— — A dt = l, 2, ce 
TO) + OZ = p?2)J20n) | OS, On (n ) 


yt oD 


Cy, 


in the case of a Fourier-Bessel series of the second type. Returning to the 
variable x, we obtain 


Xr 
f(x) ~ CJ, (7 x] + CJ, (7 x] f.--4 CJ p (> x] +--+, (24.2) 
where 


2 l r 
= Oeeoeooonnen”™ xX . — NX NX — a 24.3 
n = EG) | xfeoJ, ( ; “| dx (n= 1,2,...), (24.3) 


Or 


re [ xf (x)J (* x] dx 
[2 [I On) + OAL — PD) ZOAn)I ¢ 0 eX 


(n= 1,2,...). (24.4) 


Cy = 


If the series (24.1) converges, then the series (24.2) converges, and conversely. 
It should be noted that we can also obtain the expansion (24.2) directly, 
avoiding the auxiliary function (1), 1f we observe that the system 


A dy 
J, (7 x), Loy d, (7 x), a (p> —-l) (24.5) 


is orthogonal with weight x on the interval [0,/]. In fact, we have 
z 7 d > f! 
I, XJ, (“ x] J, (= x] dx = [- | 5 tr, CI(A,t) dt = 0 (m # n), 


where we have changed the variable of integration by setting x = /t. Once 
we have established the orthogonality of the system (24.5), we calculate the 
Fourier coefficients in the usual way, obtaining (24.3) or (24.4), depending 
on whether the numbers 4, are the roots of the equation J,(v) = 0 or of the 
equation xJ7i(x) — HJ,(x) = 0. Just as in the case of the interval [0, 1], the 
series (24.2) with the coefficients (24.3) 1s called a Fourier-Bessel series of the 
first type, and the series (24.2) with the coefficients (24.4) 1s called a Fourier- 
Bessel series of the second type. Since we can go from the series (24.2) to the 
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series (24.1) by making the substitution x = /t, all our previous results for the 
interval [0, |] also hold for the case of the interval [0, /]. In particular, the 
convergence criteria are valid, provided of course that they are formulated 
for the interval [0, /] instead of for [0, 1]. 


PROBLEMS 
1. Write the general solution of the differential equation 
4 5 / __ 
yot+ yy +y= 0. 


2. Calculate 


where #1 1S a positive integer. 


3. Find an asymptotic formula for J,(x). 
Hint. Use formulas (7.9) and (9.16). 


4. Find an asymptotic formula for J5(x). 
Aint. Use equation (1.1), formula (9.16) and the preceding problem. 


5. Show that the functions J,(x) (p 2 0) and Vx J (x) (p = —4) are bounded 
for0 <x < ©, 


Hint. Use formulas (4.3) and (9.16). 
6. Show that 


i’ tJo(t) dt = xJ (x). 
0 


7. By multiplying the power series for e*‘/2 and e—*/2!, show that 


exp E ( — 1] = S J Ax)t". 


n=—-@ 
8. By substituting ¢ = e’® in the formula of the preceding problem, taking real 
and imaginary parts, and using the formula for trigonometric Fourter coefficients, 
show that 


Jy, (x) = | " cos (x sin 0) cos n0 49, 


ale 


(n = 0,1, 2,...) 


TT 
Jon (Xx) = " sin (x sin 9) sin 79 d90. 


ale 


9. Show that 


k 
a) 1) <1 forall x (k,n = 0,1, 2,...); 
adxk 
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b) Jon 4 (0) = 0 (1 —= 0, I, 2, os .); 
Cc) lim J,(x) = 0 for all x. 


hi—> CO 


10. Expand the function x-? (0 < x < 1) in Fourier-Bessel series of the first 
kind. 


11. Expand the function x? (0 < x < 1)1n Fourier-Bessel series with respect to 
the system 


J (AX), J pr), «+ 


where the 4, are the roots of the equation xJ,(x) — HJ,(x) = 0. 
Hint. Use the example in Sec. 22. 


12. Expand the function x? (0 < x < 2) in Fourier-Bessel series of the first 
kind, with p = 3. 
Aint. Use formula (24.3) and the results of the example in Sec. 16. 


13. Let A;, A2,... be the positive roots of the equation Jo(x) = 0. Show that 


~ Jo(A,,X) 
l Md An) 


(1 — x7) = (O0< x < 1). 


Hint. Use formulas (7.1), (7.2), and (15.3). 


14. Let Aj, A2,... be the positive roots of the equation J,(x) = 0 (p > —4). 
Show that 


J p+ I (A,X) . 


a) xPtl = 2%(p + 1) >. 2) ° 
nv’ p+ n 


n=1 


(I) 


b) xPt2 


— J 54 9(A,X) 
23(p + 1)(p + 2) wpre\enes 
2 did p+ 1(A,,) 


n=1 
om) 
J p+2(nX) _ 


Cc) = 
AJ pt+ (An) 


n=] 


(In each case, 0 < x < 1.) 

Hint. a) Multiply the last formula of Sec. 16 by x?+!, and integrate from 0 
to x, using (7.1); b) Multiply (1) by x?+2 and integrate; c) Multiply (1) by 
x—(P+)) and differentiate, using (7.2). 


9 


THE EIGENFUNCTION 
METHOD AND ITS APPLICATIONS 
TO MATHEMATICAL PHYSICS 


Part |. THEORY 


I. The Gist of the Method 


Many problems of mathematical physics lead to linear partial differential] 
equations. Examples of such equations are 


O24 Ou O2u 

Poy t Ra + Qu = oa (1.1) 
O2u Ou Ou 

Poa t Rat Qu = >> (1.2) 


where P, R, O are continuous functions of the variable x, and u = u(x, t) 1S 
an unknown function of the variables x and t. The first equation arises in 
problems involving vibrations of strings and rods, while the second arises 1n 
problems of heat flow. We shall confine our attention .o equation (1.1), 
since this will be quite sufficient to explain the gist of the method to be 
discussed here. 

In every concrete problem leading to an equation of the form (1.1), one 
requires a solution u of (1.1) which satisfies certain conditions. For example, 
suppose that we have to find a solution u = u(x, t), defined fora < x < b 
and all t > 0, which satisfies the boundary conditions 


wu(a, t) + 8 BSD outa, ould, 1) _ 9 
vu(b (1.3) 
ub, t) + 3A “ ) _ 9 


sas. 
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for any ¢ > 0, where a, 8, y, and 3 are constants, and which satisfies the 
initial conditions 


u(x, 0) =f), HD = gx) (1.4) 


fora < x < b, where f(x) and g(x) are given continuous functions. Usually, 
x stands for length and ¢ for time, which explains the terms boundary condi- 
tions and initial conditions. We shall assume that neither the pair «, 8 nor 
the pair y, 3 can vanish simultaneously [for otherwise, instead of the relations 
(1.3), we would have the vacuous identities 0 = 0}. This assumption can be 
written as 


a24+B240, y2+ 8240. (1.5) 


To solve the equation (1.1), we first look for particular solutions of the 
form! 


u = O(x)T(t), (1.6) 


which satisfy only the boundary conditions (1.3). (We are only interested 
in solutions which do not vanish identically.) With this in mind, we differ- 
entiate (1.6) and substitute the result in (1.1), obtaining 


PO"T + RO'T + OOT = OT’, 
whence 
PO" + RO’ + QOD TT" 
D iT 
Since the left-hand side of this last equation is a function only of x, while the 
right-hand side is a function of t, the equality is possible only if both sides 
equal a constant: 
PO" + RO'+ QO T" | 


7 7 —i (A = const). 


This leads to the following two ordinary linear differential equations of the 
second order: 


PO" + RO + OD = —-)9, (1.7) 
T" + 2*T = 0. (1.8) 


Obviously, a function u # 0 of the form (1.6) satisfies the boundary condi- 
tions (1.3) if and only if the function ®(x) satisfies the boundary conditions 


aD(a) + BO’(a) = 0, 
yD(b) + 80'(b) = 0. (1.9) 


| This is known as the method of separation of variables. (Translator) 
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The problem of finding a solution of the equation (1.7) satisfying the condi- 
tions (1.9) will be called the boundary value problem for the equation (1.7) 
with the conditions (1.9). 

In general, the boundary value problem for a linear differential equation 
of the second order does not have a solution for every value of A; in particular, 
this 1s true of the boundary value problem for the equation (1.7) with the 
conditions (1.9). Nevertheless, it can be shown that there exists an infinite 
set of values Ag, Ay,..., A,.--- for which the boundary value problem has a 
solution, provided only that P # 0. Every value A for which the boundary 
value problem has a solution ® # OQ 1s called an eigenvalue, and the solution 
® corresponding to A is called an eigenfunction. It will be shown below that 
In our case only one eigenfunction corresponds to each eigenvalue (to within 
a constant factor). Thus, for our problem, there 1s an infinite set of eigen- 
values Ag, Ay,..-, Ayo ++, With corresponding eigenfunctions 


D(x), O,(x),..., B,(%),.... (1.10) 


As will be shown in Sec. 4, the functions (1.10) form an orthogonal system 
on [a, 6], with a certain weight. 

Having finished with equation (1.7), we next solve equation (1.8) for each 
X = A, and find the corresponding function 7,(t), which depends on two 
arbitrary constants A, and B,. Thus, if 4, > 0 for n = 0,1,2,... (and 
this case occurs quite often in concrete problems), we obviously have 


T,(t) = A, cos VA, t + B, sin V2, t, (1.11) 
where A, and 8B, are arbitrary constants. Then, each function 


u(x, t) = O,(x)T,(t) (n = 0,1, 2,...) 


will be a solution of equation (1.1) satisfying the boundary conditions (1.3). 
Because of the linearity and homogeneity (with respect to u and its derivatives) 
of equation (1.1), every finite sum of solutions of (1.1) is also a solution. 
The same is also true of the infinite series 


16.6) 


u= > u(x, t) = S 7 (t)®,,(x), (1.12) 


n=0 n=0 


if it converges and if it can be differentiated term by term twice with respect 
toxandt. If this is the case, we have 


02u 02u 
P— 3x2 + Ro + Qu — 3 
= 02u, CU, < 02u, 
=P > Fat R Do H+ OD m- > Se 
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Since each term in parentheses in the last sum vanishes [because uw, 1s a 
solution of (1.1)], the entire sum vanishes, which means that the function 
(1.12) is a solution of (1.1). Moreover, since each term of the series (1.12) 
satisfies the boundary conditions (1.3), the sum of the series, 1.e., the function 
u, also satisfies these conditions. 

We must now satisfy the initial conditions (1.4). This can be achieved 
by suitably choosing the values of the constants A,, and B, appearing in the 
expressions for the functions u,(x, t). With this in mind, we require that the 
relations 


u(x, 0) = f(x) = 2, ,(x)T,(0), 


su(x, 0) _ (1.13) 
U\X, ’ 
MS = g(x) = > O,(T{(0) 
n=0 

hold, which is equivalent to requiring that the functions f(x) and g(x) can 
be expanded in series with respect to the eigenfunctions (1.10). The possi- 
bility of making such expansions can be proved under rather broad conditions 
on the coefficients in equation (1.1) and on the functions which are to be 
expanded. Thus let 


oe) 


f(x) = D, C,2,(0, 
n=0 (1.14) 
g(x) = > ¢,®,(x). 
n=0 
Then we need only set 
T,(0) = C,, _ 
T’(0) = ¢,, (7 = 0,1, 2,...), (1.15) 


in order to find A, and B,. Hence, if (1.11) holds, we have 


u(x, 0) = f(x) = > A,®,(x), 


n=0 
Ou(x, 0) _ _< = 
Or =§ (x) — 2, BV , D(X), 
so that 
A,, = C,,, B,, = Je (1 —_— 0, l, 2, oe .). (1.16) 


Our results are based on the supposition that the series (1.12) converges 
and can be differentiated term by term twice with respect to x and t. There- 
fore, the coefficients A, and B, just found must be such as to guarantee that 
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this is the case. However, in actual problems, the coefficients 4, and B, 
often do not have this property. Whether or not the series (1.12) will 
converge in such a case will be discussed in Sec. 7. In the meantime, we 
make the following remarks: 

We know that series often define discontinuous functions. Hence, in 
order to avoid confusion, a few words concerning boundary conditions and 
Initial conditions are in order. By the conditions (1.3) and (1.4), we mean 
more precisely 


a lim u(x,t) + B lim cue 8 = Q, 
.  Ou(x 
y lim u(x, tf) + 6 lim ou(x, 1) = 0 
xb xb Ox 
instead of (1.3), and 
. @ 
lim u(x, t) = f(x), lim Ou(x, 1) = g(x) 
t—0 1-0 Or 


instead of (1.4). In other words, in (1.3) and (1.4), the values of u(a, 1), 
Ou(a, t)/Ox, etc., are to be interpreted as the limits to which u(x, ft), du(x, t)/ ex, 
etc., converge as the point (x, r) lying in the region a < x < b, t > 0 con- 
verges to the corresponding boundary point. It is quite clear that only such 
an interpretation of the boundary and initial conditions can correspond 
to the physical content of the problem. In the same way, when we say 
that the function u(x, t) 1s continuous in the regiona< x < 6b, t > 0, we 
mean that u(x, f)1s continuous in the region a < x < 6, t > 0 and that the 
limit 
lim u(x, f) (a<x<b,t>0) 


X—>Xq 
tl, 


has a finite value for every point (Xo, fo) on the boundary of the region. 
Then, it is easy to show that the boundary conditions vary continuously as 
the point (Xo, fo) is moved along the boundary. 

Subsequently, by the solution of equation (1.1), or of some similar equa- 
tion, we shall always mean a solution which is continuous in the sense just 
indicated. It is easy to see that if such a solution Is to exist, then the bound- 
ary conditions and the initial conditions must “‘agree”’ at the points (a, 0) 
and (6,0) in such a way that the boundary values do not undergo a dis- 
continuity. Thus, for example, if the conditions (1.3) have the form 
u(O, t) = 0, u(1, t) = 0, and the conditions (1.4) have the form w(x, 0) = 
x + 1, du(x, 0)/0t = x2, then it 1s clear that the boundary values undergo a 
discontinuity at the points (0, 0) and (1, 0), so that the problem certainly 
cannot have a continuous solution. 


2 The analytic expression for u(x, tf) may not be a continuous function, 1.e., may undergo 
a jump on the boundary. 
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2. The Usual Statement of the Boundary Value Problem 


We shall assume that the function P in equation (1.1) does not vanish. 
Obviously, equation (1.7) neither loses nor gains eigenvalues and eigen- 
functions if we multiply all its terms by a nonvanishing function. We now 
show that by carrying out such a multiplication, we can transform (1.7) into 
the form 


(p®’)’ + gD = —drd, (2.1) 


where p, g, and r are continuous functions of x on [a, 5], p is a positive func- 
tion with a continuous derivative, and r 1s a positive function. 


Proof. First we assume that P > 0. (This can be done without loss of 
generality, since otherwise we need only multiply all the terms of (1.7) by 
—land replace —A by aA.) Then we solve the system 


p=rP, p =rkR, (2.2) 


obtaining 


where Xp 1S some point of the interval [a,b]. (We take the constant of 
integration to be zero.) Obviously, p > 0, p’ is continuous and r > 0. 
Now, we need only consider 


rPO” + rRO’ + rQOO = —rArO 
and set 
g=rQ. (2.3) 
Then, according to (2.2), 
pO" + pO’ + q® = —drd, 
which is just the desired equation (2.1). 
The boundary value problem is usually posed for an equation of the form 


(2.1), with coefficients satisfying the requirements just stated. The boundary 
conditions are still given by the same formulas (1.9). 


3. The Existence of Eigenvalues 


We shall not give a complete proof of the existence of eigenvalues for the 
boundary value problem under consideration; instead we just describe the 
basic idea of such a proof. Thus, in equation (2.1) we give A a fixed value 
(real or complex) and find a solution satisfying the conditions 


[DP] =a — B, [D] =a = —&, 
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We denote this solution by D(x, A). Obviously 
aD(a, A) + BM’(a, 4) = 0, (3.1) 


1.€., D(x, A) satisfies the first of the boundary conditions (1.9). (The prime 
denotes differentiation with respect to x.) As A changes, (x, A) also 
changes, but nevertheless continues to satisfy the condition (3.1). Thus, a 
known function of x and the parameter A satisfies the first of the conditions 
(1.9) for any 4. (In the theory of differential equations, it is shown that 
M(x, A) can be represented in the form of a power series in A, and hence is 
an analytic function of 4 for all values of A.) 
We now form the function 


yD(x, A) + dO'(x, A) (3.2) 
and set 
D(A) = y®(b, »4) + 50’, d). 
D(A) 1s a known function of one variable A, and every value of A for which 
D(A) = yP(6, A) + 80’, A) = 0 (3.3) 


is obviously an eigenvalue of our problem, since for such values of A, (3.1) 
and (3.3) are satisfied simultaneously, 1.e., both of the conditions (1.9) are 
met. Thus, the problem of the existence of eigenvalues reduces to a study 
of the roots of D(A). By using this fact, it can be shown that the problem 
has an infinite set of rea/ eigenvalues (see Sec. 4), which can be written as a 
sequence of the form 


ho < Ay <ctt SA <e, 
where 
lim A, = +0. 


n— @ 


4. Eigenfunctions and Their Orthogonality 


Let A be an eigenvalue of our boundary value problem, and let ®(+) be an 
eigenfunction corresponding to A. Then, it 1s easy to see that every function 
of the form C@(x), where C is an arbitrary nonzero constant, Is also an elgen- 
function corresponding to A. We shall not consider such /inearly dependent 
eigenfunctions to be different, and in fact any of them can be regarded as a 
‘‘representative’’ of the family of functions of the form C®(x), where C # 0. 

We now ask whether two linearly independent eigenfunctions O(x) and 
‘’(x) can belong to the same eigenvalue.? With our hypotheses, the answer 


3 If aP(x) + bY (x) = 0 implies a = b = 0, then @(x) and (x) are said to be /inearly 
independent. Cf. Ch. 2, Prob. 9. (Translator) 
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is negative. In fact, suppose that M(x) and (x) belong to the same eigen- 
value. Then, by a familiar property of linearly independent solutions of a 
differential equation, we would have 


D(x) (x) 
Yix) Y'(x) 


everywhere on [a, b], and in particular at x = a.4 But according to the first 
of the conditions (1.9), we have 


x(a) + BD'(a) = 0, 
aV(a) + BY'(a) = 0, 
which by (4.1) would imply that « = 0, B = 0, thereby contradicting the 


hypothesis (1.5). Thus, to within a constant factor, only one eigenfunction 
corresponds to each eigenvalue. 


(4.1) 


LEMMA l. Let 


d d® 

@) = —|[p— 
L() dx (p dx 
where ® is a function depending on x. (If ® also depends on other 
variables, e.g., on t, we write the partial -derivative with respect to x.) 


Then, the identity 


+ qQ, (4.2) 


OL(V) — ¥L(®) = f. [p(oe” — o'Y)] (4.3) 


holds for any twice differentiable functions ® and '¥. 


The proof is an immediate consequence of replacing L(®) and L(?) by 
their expressions as given by (4.2). 


LEMMA 2. If ® and © satisfy the boundary conditions (1.9), then 
[oY’ — OY ],_, = [OY — OV ]._, = 0. (4.4) 


Proof. The numbers « and 6, which do not vanish simultaneously 
according to (1.5), satisfy the homogeneous system 
«D(a) + BO'(a) = 0, 
a‘Y(a) + BY'(a) = 0. 


This is possible only if the determinant of the system vanishes, i.e., 


D(a) (a) 
= (OY — O'Y],_, = 0. 
Y(a) ‘¥'(a) 
a b , , 
4 The symbol denotes the determinant ad — bc. The functional determinant 
C 


(4.1) is usually called a Wronskian. (Translator) 
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The second part of equation (4.4) is proved in the same way. 


We now show that any two eigenfunctions D(x) and V(x) correspond- 
ing to different eigenvalues 4 and pu, respectively, are orthogonal on 
[a, 5], with weight r. 


Proof. Let ® and V satisfy the equations 
L(®) = —ArO, 
LOE) = —pr, 


with the same boundary conditions (1.9). We multiply the first equation 
by ‘ and the second by ® and then subtract the first equation from the 
second. By Lemma I, we obtain 


[p(oY’ — OY)’ = A — p)rOY. 
Therefore we have 


[p@¥’ — &¥yR=! =O — p) [° OY ax, (4.5) 


By Lemma 2 
[POP — O'V]=) = 0, 


so that (4.5) implies that 
(A — p) [PO dx = 0. 
Since A # yu, it follows that 


[ro ax = 0, 


Qa 


as was to be shown. 


Remark. In Sec. 3, we said that the eigenvalues are real, but we did 
not give a proof. The reality of the eigenvalues can be deduced from 
the orthogonality of the eigenfunctions just proved. In fact, if A = 
u + iv (v #40) is an eigenvalue and if D(x) = o(x) + id(x) is the 
eigenfunction corresponding to A, then substituting in (2.1), we obtain 

[p(y + ip) + 9@ + iY) = —(u + rp + iy). 
But then we also have the equation 
[p(e’ — ib’) + ae — 10) = —( — iv)r(e — Ty), 


which means that A = uw — vis also an eigenvalue and that the function 
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D(x) = o(x) — ib(x) is the eigenfunction corresponding to A. But this 
implies that 


[ r®®D dx = . r(p? + U2) dx # 0, 


G 


which is impossible, for as just proved, ® and ® must be orthogonal 
since A # dX. 


5. Sign of the Eigenvalues 


The following theorem gives more precise information about the eigen- 
values for the case where g < 0 for a<x<_b, a situation which 1s 
encountered very often in the applications. 


THEOREM. Jf r > 0,q < 0 and if the boundary conditions imply that 
[pOO'}X=? (5.1) 


then all the eigenvalues of the boundary value problem for equation (2.1) 
are nonnegative. 


Proof. Let > be an eigenvalue and let D(x) be the corresponding 
eigenfunction. Multiplying (2.1) by ®(x) and integrating, we obtain 


[° (poy ® dx + [° qb? ax = =r |” rO? dx, 
whence, Integrating by parts: 
[pbo'}=2 — [ p®’2 dx +f gb? dx = -r[ rb2 dx. (5.2) 


It follows from (5.1) and the condition g < 0 that the left-hand side of 
(5.2)1s < 0. Therefore >» > 0, and moreover, A = 0 is possible only if 
g=0, 0’ = 0, 1.e., only if the equation (2.1) has the form 


(p®’)’ = —rArO 
and the function ® = const is an eigenfunction. 


Remark. The condition (5.1) seems to be quite artificial, but 
actually itis not. In fact, it is satisfied for the very boundary conditions 
most often encountered in the applications, namely 

1) O(a) = D(b) = 0; 

2) Pia) = 0) = 0; 

3) O(a) — hD(a) = 0, 0'(6) + HDS) = 0, 
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where / and H are nonnegative constants. This is obvious for the first 
and second cases. In the third case, 
[pOOD'}<=? = — Hp(b)b2(b) — hp(a)2(a) < 0, 


VHa 


since O'(a) = hD(a), ©'(b) = —H(b). 


6. Fourier Series with Respect to the Eigenfunctions 


Let Ag, Ay,.-.-, Ay... be all the eigenvalues of our boundary value 
problem, arranged in increasing order, and let 
Dox), Dix), .--, PG), -- (6.1) 


be the corresponding eigenfunctions, which for simplicity we regard as having 
the normalization 


[” rD?(x) dx = | (7 = 0,1, 2,...). (6.2) 


Then, for every function f(x) which is absolutely integrable on [a, 5], we 
can form the Fourier series 


F(X) ~ CoPo(x) + cyP\(X) + °°, 


where 
b 
c= | f(a) dx (n= 0,1,2,...), (6.3) 
and the following propositions, which we cite without proof, are valid: 


THEOREM 1. If f(x) is continuous on [a, bj, if f(x) has a piecewise 
smooth (but possibly discontinuous) derivative, and if f(x) satisfies the 
boundary conditions of our boundary value problem, 1.e., 


wf(a) + Bf(a) = 0, yf(6) + of") = 9, (6.4) 


then the Fourier series of f(x) with respect to the eigenfunctions converges 
to f(x) absolutely and uniformly. 


The conditions (6.4) may appear artificial, but if we recall how our 
problem arose [see the first formula in (1.4) and (1.14)] and regard f(x) as 
the initial value of the function u(x, f), writing f(x) = u(x, 0), then for 
tf = 0, the conditions (1.3) become just the conditions (6.4). 


THEOREM 2. Jf the function f(x) is piecewise smooth on [a, 6] (but 
either continuous or discontinuous), then the Fourier series of f(x) with 
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respect to the eigenfunctions converges fora < x < b to the value f(x) at 
every point of continuity and to the value 


[f(x + 0) + f(x — 9) 
at every point of discontinuity. 


Instead of the system (6.1), which is orthogonal with weight r, we can 
consider the system 


Vr @(x), Vr ®,(x),..., (6.5) 


which is orthogonal in the ordinary sense, and for which 


|Vr (x) = / [Ode =1 (n= 0,1,2,...). 


Let Vr f(x) be a square integrable function. Then, with respect to the new 
system, its Fourier coefficients have the form 


o, = | f)®,(x) de, 


l.e., they agree with the Fourier coefficients of f(x) with respect to the system 
(6.1). 

Applied to the function Vr f(x), the completeness condition for the 
system (6.5) becomes [see equation (7.1) of Ch. 2] 


| ° Ax) dx = > dvr ®,o|2 = > c?. (6.6) 
a n=0 n=0 
If this equation holds for any square integrable function f(x), then instead 
of reducing the problem to the system (6.5), we simply say that the system 
(6.1) 1s complete with weight r. We now prove that this is actually the case. 
It 1s clear from what has just been said that it 1s sufficient to prove that 
the ordinary orthogonal system (6.5) is complete. Now, any continuous 
function ®(x) can be approximated in the mean to any degree of accuracy by 
a function g(x) (with two continuous derivatives) satisfying the boundary 
conditions of our boundary value problem. [For example, we can choose 
for g(x) a function such that g(a) = g’(a) = g(b) = g'(b) = 0.]_ We shall 
not give a detailed proof of this fact, which is quite clear from geometric 
considerations. 
Thus, let 
b E 
|e) - e@)P dx < 5 (6.7) 
where ¢« > O 1s arbitrarily small. According to Theorem 1, the Fourier 
series of g(x) with respect to the system (6.1) converges uniformly to g(x). 
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This means that there exists a linear combination 
o,,(X) — YoPo(x) + 1? 1 (x) sie Yj ,(X) (6.8) 
such that 


|2(x) — o,,(x)| < i (a <x< b). 


This implies that 


J [g@) — o,(0)P dx < 5 (6.9) 


By the elementary inequality 
(A + B)* < 2(A2 + B2), 
it follows from (6.7) and (6.9) that 
[ (©) = o,@)2 ax = [" (@@) — g@) + (g@) — 9,09) P ax 
<2] (@() - g@)P dx + 2] Ig) - oP ax < « 


This proves that any continuous function can be approximated in the mean 
to any degree of accuracy by an expression of the form (6.8). 

Now let F(x) be any continuous function. Then the function F(x)/V r(x) 
is also continuous. If we write 


ii = max r(x), 


axx<xb 


then by what has just been proved, there exists a linear combination oa,(x) 
of the functions (6.1) for which 


[ = — o4(2) | dx < ; 


Therefore, we have 


[° [F(x) — Vro,(x)]2 dx = [ r | — oc) | dx < «. 

a a Vr 

But then the function Vro,(x) is a linear combination of functions of the 
system (6.5), and hence this system satisfies the completeness criterion for 
ordinary orthogonal systems (see Ch. 2, Sec. 9), i.e., the system (6.5) 1s 
complete, as was to be shown. Thus, we have proved 


THEOREM 3. The system (6.1) is complete with weight r, t.e., the 
relation (6.6) holds for every square integrable function f(x). 
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The following result is an easy consequence of Theorem 3: 


THEOREM 4. Let f(x) be any square integrable function. Then 


OD 


lim [or r [fey - > ? > exc) dx = QO, 


h—> 00 
where the c,, are the Fourier soeffciont of the function f(x) with respect 
to the system (6.1). 


In other words, the Fourier series of f(x) always converges in the mean to 
f(x), with weight r. To prove this, we need only apply equation (7.3) of 


Ch. 2 to the function Vr f(x) and to the system (6.5). 


THEOREM 5. Any continuous function f(x) which is orthogonal with 
weight r to all the function of the system (6.1) must be identically zero. 


In fact, if f(x) is orthogonal to all the functions of the system (6.1), then 
all its Fourier coefficients are zero. But then by (6.6) 


[° rf2(x) dx = 0, 
whence f(x) = 0. 


The theorem on the expansion of a function in series with respect to the 
eigenfunctions of a boundary value problem (under quite broad hypotheses), 
as well as the related completeness theorem and its consequences, were first 
proved by the prominent mathematician V. A. Steklov.> 


7. Does the Eigenfunction Method Always Lead to a 
Solution of the Problem? 


The eigenfunction method will certainly lead to a solution of the problem 
posed in Sec. | if first of all, the functions f(x) and g(x) defined by (1.4) have 
series expansions (1.14), with respect to the eigenfunctions ®,(x), which 
converge to f(x) and g(x), and if secondly, the coefficients A, and B,, defined 
by (1.16) are such as to guarantee the convergence of the series (1.12) and 
justify differentiating it twice term by term. However, whether or not these 
conditions are met, every time the problem has a solution, the solution can be 
found in the form of a series (1.12) by the method indicated in Sec. 1. This 
implies that the solution 1s wiique, a fact which can often be deduced by an 
argument based on the physical content of the problem. This physical 
content also allows us to decide whether the problem has a solution in the 


> The theory given in this chapter is usually associated with the names of the mathema- 
ticians J. C. F. Sturm and J. Liouville. (Translator) 
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first place. In view of what has just been said, this explains why the physicist 
or engineer, by using the eigenfunction method and manipulating the series 
as if term by term differentiation and other operations were justified, even 
when in fact this is not the case, nevertheless arrives at correct results. 

A more precise formulation of these remarks goes as follows: 


THEOREM. Let the function u(x, t) be a continuous solution of the 
equation (1.1) in the region a <x < b,t > 0, satisfying the boundary 
conditions (1.3) and the initial conditions (1.4). Then 


u(x, 1) = > TH®,(0) (7.1) 
n=O 


where the O,(x) are the eigenfunctions associated with the boundary 
value problem.© The functions T,(t) can be found from the equation 


T, +1,7, = 0 (2 = 0,1, 2,...), (7.2) 
subject to the initial conditions 
T (0) = C,, T'(O) = ¢, (n = 0,1, 2,...), 


where the quantities C,, and c, are the Fourier coefficients of f(x) and 
g(x) [cf the initial conditions (1.4)]| with respect to the system of eigen- 
functions D(x). (Ut is assumed that the derivatives du/ét and 02u/ ot? 
are continuous and bounded in every region of the form a< x < 5, 
O<t < fy.) 


Proof. We multiply equation (1.1) by the function 


l x R _ p 
r= p C*P l" pax} = P 


(see Sec. 2). Then according to (2.2) and (2.3), we obtain 


07u , Ou tu 


Or 


By (4.2), this can be written as 


021 
L(y) = Ope (7.3) 
and instead of (2.1) we can write 
L(®) = —r~r®. 


6 For simplicity, we assume that the eigenfunctions are normalized as in (6.2). 
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Therefore, the relation 
L(®,) = —),r®,, (n = 0,1, 2,...) (7.4) 


holds for the eigenfunctions of the boundary value problem. 

By the hypothesis of the theorem and by Theorem 2 of Sec. 6, for 
a< x < band every t > 0, the function u(x, t) can be expanded in a 
series of the form (7.1), where 


T,(t) = | ° ru(x, NO,(x) dx (n = 0, 1,2,...). (7.5) 
It follows from (7.4) that 
r®,, —- ~ HO), 
so that 
Tt) = — ~ |” u(x, NLO,) dx, 
A, Ya 
or by (4.3) 


1 fo ] Ou , \yr=e 
Ti) = — =f PCL) dx + = [p (0, 4 Diu) | 
The last term vanishes because of Lemma 2 of Sec. 4. 
Thus we have 
1 fo 
TQ) = — = | ®,0)LW) dx, (7.6) 
whence, using (7.3), we obtain 


1 po O2u 
T,(t) = — = { r 5 ®,(x) dx. (7.7) 


n 
On the other hand, differentiating (7.5) twice with respect to ¢ gives 


024 


b 
T(t) — ) r Or ®,,(x) dx, (7.8) 


Where the differentiation behind the integral sign is legitimate because 
of our hypotheses concerning Ou/0t and 02u/0t?. Comparing (7.7) and 
(7.8), we obtain (7.2). Furthermore, since u(x, f) is continuous in the 
region a < x < b, t > O and since lim u(x, t) = f(x), it follows from 
(7.5) that mo 


; ; b 
lim 7(t) = lim | ru(x, t)®,(x) dx 
t—0 i—0 “a 


b 
| rf(y0,(x)dx =C, (n=0,1,2,...), (7.9) 
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where the C,, are the Fourier coefficients of the function f(x). Since the 
function 7,,(f) is continuous, this is equivalent to the relations 


T(O) = C,, (7 = 0,1, 2,...). 
Similarly, we show that 
T;,(O) = c,, (i = 0,1, 2,...), 


where the c,, are the Fourier coefficients of the function g(x). This 
completes the proof of the theorem. 


Thus, 1f the problem in which we are interested has a solution at all, the 
solution can be found tn the form of a series (1.12) by the method of Sec. 1. 
On the other hand, quite often this method leads to a function u(x, t) which 
does not have a derivative everywhere. Such a u(x, t) cannot be regarded as 
a solution of the problem in the exact sense of the word, since u(x, f) certainly 
must satisfy the differential equation! However, because of the theorem 
just proved, in this case it is useless to look for an exact solution, since if 
such existed, it would have to coincide with w(x, t). This compels us to be 
satished with the function u(x, ft) that we have already found; we shall call 
this function a generalized solution of the problem. It can be shown that 
with our hypotheses, the series (1.12) obtained by the method of Sec. 1 
always defines a function to which it converges either in the ordinary sense or 
in the mean, and therefore the eigenfunction method always gives a general- 
ized solution, if it fails to give an exact solution. 


8. The Generalized Solution 


What is the practical value of the generalized solution described above? 
Does it represent anything of use to the physicist or engineer, or is it of 
purely mathematical interest? The generalized solution 1s in fact valuable, 
as will emerge from the following theorem: 


THEOREM. Let 
oa) 
W(x, 0) ~ > T,(),(x) 
n=O 


be either the exact or the generalized solution of equation (1.1), subject to 
the conditions (1.3) and (1.4). Jf 


im Pr) = fF dx 


= lim [" r[ g(x) i L(x)? dx = Q, (8. I) 


MN—> BD 


262. THE EIGENFUNCTION METHOD AND ITS APPLICATIONS CHAP. 9 


i.e., if f(x) and g,,(x) converge in the mean (with weight r) to f(x) and 
g(x), respectively, as n1—> o,! and if 


Un(X, 0) = > Ty(t)®,(x) 
n=O 


is either the exact or the generalized solution of the equation (1.1), subject 
to the boundary conditions (1.3) and the initial conditions 


Ou,,(x, O 
iy X5 0) = f(x), MH = g(x), 


then u,,(x, t) converges to u(x, t) in the mean as m—> oO. 


Proof. We recall that 


T+ 4,7, = 0, T,(0) = C,, T)(0) = c, 
(n = 0,1, 2,...), 
Than t Antinn = 95 Tinn(9) = Coins Th (0) = Cran 
(7 = 0,1, 2,...), 


(8.2) 


where C,,, Cy, Crans Cnn are the Fourier coefficients of the functions f(x), 
2(x), fi(X), 2n(X), respectively. Since 


Kg < Ay < Ad <tte <A, <> 


va 


and 


lim A, = +0 


11> © 


(see Sec. 3), only a finite number of the A, can be negative. Let 
A, < Oforn < Nandi, > Oforn > N. Then by (8.2), we have’ 


l C —_ 
T, = (c, + | eV, 
2 Vv _ X, 


+3(C.- 7s) e-Vnt — (n < NY, (8.3) 


T, = C, 008 Vit + sin Vy (7 > N), 


a 


7 In particular, this is the case if fin(x) > f(x) and gyn(x)—> g(x) uniformly. 
8 It may happen that An = 0, in which case we have 


In = CN + CNE. 
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and similarly 


Linn — ; (Cin + wo “| evry “nt 
| Cinn 4/ >. 
+ 9) Cinn = a/ —}. onan (1 < N), (8.4) 


HN 


Dinn — Cain COS Vat + we sin Vn f (1 > N). 


tH 


Now consider 


[ r[ f(x) _ fil) ax = > (C,, _ Cinn) 2, 


b 
{ rlg (x) — § m(X) |? dx = > (Cc, _ Cun) 
(see Theorem 3 of Sec. 6). In view of (8.1), these formulas imply that 


lim S (C,, _ Cnn)” = Q, 


Ml—> OD n=O 


lim S (c, —_ Cmn)* —= QO, 


IND n=O 


(8.5) 


whence 


lim C,,, = C,, 
bMi--> © (8.6) 


lim Cinn = Ce 


hhi—> 


Then, by (8.3), (8.4) and (8.6) 
lim [7,, _ Pinn) — Q, (8.7) 


wn--> CO 


where 


IT, — Tm]? = (C, = Cnn) 608 VIy t+ La sin VI, | 


n 


_ 2 
2 oF ~~ Cian 2 + [Bos al 
( ) Vin 


forn > N. AIM! that remains is to consider the relation 


(8.8) 


_ Tinn) 2 


oO 
Tan) 2. _ Ton) 
r= N+ 


| 
M 
S 


b 
| r[u(x, t) _ U(X, t)|? ax = 
a 


| 
M 
S 
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(see Theorem 3 of Sec. 6). By (8.5), (8.7), and (8.8) 


b 

| r[u(x, t) — u,,(x, t)]* dx > 0, 

a 

which means that the function u,,,(x, f) converges in the mean to u(x, f) 
asim-—>oo. This proves the theorem. 


What we have just proved can be summarized as follows: /f f,,(x) is close 
to f(x) and g,(x) is close to g(x) (in the sense of uniform closeness or even 
closeness in the mean), then the function u,,(x, t) is close to u(x, t) in the mean. 

We now observe that in actual problems of physics and engineering, the 
functions f(x) and g(x) are in general not exact, but rather represent approxi- 
mations to certain exact functions. Nevertheless, by the theorem just 
proved, even if the solution of equation (1.1), subject to the conditions 
(1.3) and (1.4), is not an exact solution but only a generalized solution, it will 
differ only slightly (in the sense of uniform closeness or closeness in the mean) 
from the true solution of the problem. This constitutes the practical value of 
generalized solutions. 

Finally, we note one further consequence of the theorem proved above: 


If the functions f,,(x) and g,(x) are chosen in such a way that the 
functions u,,(x, t) are exact solutions of the corresponding problems 
(such f,,(x) and g,,(x) can always be chosen!%), then the exact or general- 
ized Solution of equation (1.1), subject to the conditions (1.3) and (1.4), ts 
the limit of the exact solutions u,,(x, t) as f,,(x) —> f(x) and g,,(x) > 2(x) 
either uniformly or in the mean. 


It follows immediately that the generalized solution is unique. 


9. The Inhomogeneous Problem 


Instead of equation (1.1), consider the more general equation 


02u Ou 02u 
Poa t Rao + Qua aq t Fx, 0) (9.1) 
subject to the same boundary and initial conditions (1.3) and (1.4). In 
vibration problems, equation (9-1) corresponds to the case of forced vibra- 
tions, While equation (1.1) corresponds to the case of free vibrations. When 
multiplied by the function 


ol x RK _ p 
r = pexp{" pax} => 


9 For example, we can choose the functions fin(x) and gin(x) to be the mith partial sums 
of the Fourier series of f(x) and g(x). 


—_— - - ————= 
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(see Sec. 2), (9.1) takes the form 


Lu) =r _ + rF(x, t). (9.2) 


Suppose now that the boundary value problem corresponding to equation 
(9.1) has a solution and that F(x, t) has a series expansion in terms of the 
eigenfunctions of the boundary value problem for the equation 


L(®) = —Ar®O 
(see Sec. 2). Then, for t > 0, we write u(x, t) as the series 
u(x,t) = S T,,(t)®,,(0), (9.3) 
n=0 
where 
T(t) = [ ru(x, t)®,(x) dx (1 = 0,1, 2,...), (9.4) 


which is possible because of Theorem 2 of Sec. 6. Repeating the argument 
given in the proof of the theorem of Sec. 7, we obtain 


T(t) = —-— ~f @,(x)L(u) dx 
[see (7.6)] or 
T,() = = > firs ro U & (x) dx — ~ | ° F(x, )®,(x) dx, (9.5) 


where we have used (9.2). Assuming that du/0t and 02u/0t2 are bounded, we 
find after differentiating (9.4) twice with respect to ¢ that 


5 
Ty = fr 30,09) de. 


Finally, if we set 


F(x, t) = > F,()®,(x) de, 


n=0 


F(t) = [ rF(x,0®,(x) dx (n = 0, 1,2,...), 


(9.6) 


then (9.5) gives 


Or 


T, + 1,7, + F, = 0 (n= 0,1,2,...). (9.7) 
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Then, proceeding as in the proof of the theorem of Sec. 7 [see (7.9) et 
seq.|, we find 


T,(0)=C, T0)=c, (n=0,1,2,...), (9.8) 


where C, and c, are the Fourier coefficients of the functions f(x) and g(x), 
respectively. Thus, if a solution of the problem exists, it 1s given by the 
series (9.3), where 7, is determined from the equation (9.7), subject to the 
conditions (9.8). 

It is remarkable that just as in the case of equation (1.1), we can arrive at 
the series (9.3) by carrying out formal operations with series, without regard 
to whether or not. these operations are legitimate. In fact, if in equation 
(9.2) we substitute the series (9.3) and the series (9.6) for F(x, ft), differentiate 
(9.3) term by term, and then equate the coefficients of ®,(x) to zero, we 
obtain (9.7). Moreover, if we set t = 0 in (9.3) and require that 


u(x, 0) = > T,(0)®,(x) = f(a), 
n=0 
we obtain the first of the equations (9.8). If we differentiate (9.3) term by 
term and again set t = 0, we find that 


cues) o) - T(0)P,(x) = g(x), 
n=0 
which 1s the second of the equations (9.8). 

Just as in the case of equation (1.1) in Sec. 7, we can introduce the con- 
cept of a generalized solution for equation (9.1). Then it turns out that for 
any continuous F(x, t), the series (9.3) defines a function u(x, t) to which it 
converges either in the ordinary sense or in the mean, so that the problem 
always has either an exact or a generalized solution. Moreover, this solution 
is unique, since if U and V are two solutions of the boundary value problem 
for equation (9.1), the function vu = U — Visalsoa solution of the boundary 
value problem for equation (1.1) with zero initial conditions. But as ob- 
served in Secs. 7 and 8, the boundary value problem for equation (1.1) has a 
unique solution (exact or generalized). Since the function which is identically 
zero 1S a solution of the boundary value problem for equation (1.1) with zero 
initial conditions, it follows that wv = 0, i.e., that U = V. As concerns the 
practical value of generalized solutions, we can repeat the considerations of 


sec. 8. 
10. Supplementary Remarks 


We considered equation (1.1) only for the sake of being explicit. All 
Our considerations are also applicable to equation (1.2), with the same 
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boundary conditions and with the initial condition 


u(x, 0) = f(x). (10.1) 


In this case, the method of Sec. | gives 


u(x, t) = S T(t), (x), (10.2) 


n=0 
where the quantities 7,, are found from the first order differential equation 
T,, + Ant — 0, T,,(O} — C,, (1 — 0, l, 2, . ); (10.3) 


where C, (v = 0, 1, 2,...) are the Fourier coefficients of f(x). 

The theorem of Sec. 7 needs only a corresponding change in its statement, 
1.e., one has to consider (10.3) instead of (7.2) and require the continuity and 
boundedness of only cu/dt. We suggest that the reader prove the new 
version of the theorem as an exercise. 

The concept of a generalized solution can also be introduced in the case 
of equation (1.2). But this case is essentially different from the case of 
equation (1.1), in that the generalized solution turns out to be the exact 
solution as well. This results from the fact that all but a finite number of the 
A, are positive, and for such 4,, (10.3) gives 


r, = C,e7?ant . 


Consequently, it turns out that the series (10.2) 1s convergent and can be 
differentiated term by term any number of times, 1.e., (10.2) gives the exact 
solution. 

The considerations of Sec. 9 are also applicable to the inhomogeneous 
equation 

0*u Ou Ou 
Poa t Ra + Qu= a + F(x, 0), 

with the same boundary and initial conditions (1.3) and (10.1). The solution 
is given by the series 


u(x, t) = S T,(t)®,(x), (10.2) 


n=O 
where 7,, is now defined by the equations 
T, + 4,7 + F, = 9, 7,(0) = C, (n = 0,1, 2,...). 


In view of the results of Secs. 7-10, we shall not worry about the con- 
vergence of series in the problems to be solved in Part II, since we 
now know that the series obtained as a result of solving such a problem 
always defines a solution (exact or generalized). It is true that strictly 
speaking, some of the problems in Part II do not fall into the category already 
studied, but it can be shown that the previous considerations apply to them 
as well. 
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Part I]. APPLICATIONS 


I]. Equation of a Vibrating String 


Consider a stretched homogeneous string, fastened at both ends, and 
suppose that the equilibrium position of the string is a straight line. Take 
this straight line to be the x-axis, and let the ends of the string be located at 
the points x = 0 and x = /, where /is the length of the string. If the string 
1s displaced from its equilibrium position (or if certain velocities are imparted 
to the points of the string), and the string 1s then released, it begins to vibrate. 
We shall consider only the case of small vibrations; then, the length of the 
string can be regarded as unchanged. Moreover, we shall regard the 
vibrations as taking place in one plane, in such a way that each point of the 
string moves in the direction perpendicular to the x-axis. 

Let w(x, 4) be the displacement at time ¢ of the point of the string with 
abscissa x. Then, for every fixed value of ¢, the graph of the function 
u(x,t) obviously represents the form of the string at the time ¢. The 
element AB of the string (see Fig. 47) 1s acted upon by the tension forces 7, 


O Xx xt+Ax 


FIGURE 47 


and 7, which are directed along the tangent to the string. For the time 
being, we assume that no other forces act on the string. In the equilibrium 
position, the tension 7 is the same at all points of the string. To the extent 
that we can assume that the length of the scring does not change (see above 
remark), we can also assume that the tension in the string does not change. 
Therefore, 7, and 7, have the same magnitude as 7, although they have 
different directions, and because of the curvature of the element AB, one 
direction is not quite the negative of the other. Hence, the force acting on 
the element AB in the direction of the w-axis is 
T [sin (@ + Ag) — sine] 
cu(x + An, tf Ou(x, f 
~ T[tan (9 + Ag) — tano] = T a — ae 
OX Ox 

C2u(x + OAX, t 
Hux + VAX, D) Ay 


=7 Ox? 


(0< 0 < J), 


SEC. II THE EIGENFUNCTION METHOD AND ITS APPLICATIONS 269 


where ~ denotes approximate equality. Regarding the element Ax as being 
very small, and using Newton’s second law of motion, we can write 
02u 02u 


= 7 


pAx O12 ax2 


Ax, (11.1) 
where o is the linear density of the string (i.e., the mass per unit length). 
Setting a2 = 7/o and dividing by Ax, we obtain 


O7u 5 O2y 


Or = @ Ox2 (11.2) 


which is the equation for free vibrations of the string. 

Next, suppose that in addition to the tension 7, the string is acted upon 
by a force of amount F(x, ft) per unit length of the string. Then, instead of 
equation (11.1), we obtain 

02u 


Q2 
p Ax = T= Ax + F(x, tAx, 


OT 


OPu _ op GU, FO, 1) 
Ot 0x2 0 


(11.3) 


which is the equation for forced vibrations of the string. 

We now study the following problem: Given the form of the string and 
the velocity of its points at the initial time ¢ = O, what is its form at the 
arbitrary time t? Mathematically, this problem reduces to solving equation 
(11.2) in the case of free vibrations, and equation (11.3) in the case of forced 
vibrations, subject to the boundary conditions 


u(O, t) = u(/, t) = 0 (11.4) 
and the initial conditions 
Ou(x, O 
u(x, 0) = f(x), MED = g(a, (11.5) 


where f(x) and g(x) are given continuous functions, which vanish for x = 0 
and x = /. Equations (11.2) and (11.3) are special cases of the equations 
studied in Part I. 


12. Free Vibrations of a String 


Instead of starting from the formulas already found in Part I, we shall 
once more go through the derivation given 1n Sec. 1. We are looking for a 
solution (different from uv = QO) of the form 


u(x, t) = D(x)T(t) (12.1) 
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which satisfies the boundary conditions. Substituting (12.1) in (11.2) gives 


OT” = a20"T, 
whence 
DD” T” 
ri —i = const, 
so that 
pm” = — AQ, (12.2) 
T’ = —a?rT. (12.3) 


If a function of the form (12.1), which is not identically zero, is to satisfy 
the conditions (11.4), then obviously the condition 


O(0) = O(/) = 0 (12.4) 


must be met. Thus, we obtain a boundary value problem for equation (12.2), 
subject to the condition (12.4). In view of the theorem of Sec. 5 (see also the 
remark made there), all the eigenvalues of our problem are positive.!® 
Therefore, it is permissible to write A2 instead of A. Then, equations (12.2) 
and (12.3) take the form 


DO" + 220 = 0, (12.5) 
T" + a®22T = 0. (12.6) 
The solution of (12.5) 1s 
@M = C, cos Ax + C) sin Ax (C,; = const, C, = const), 
where for x = 0 and x = / we must have 
O(0O) = C, = 0, 
M(/) = C, sin Al = 0. 


Assuming that C, 4 0, since otherwise ® would be identically zero, we find 
that AJ = mn, where nis aninteger. Setting C, = | gives 
es: 


Mn = (n = 1, 2,...), 


and the corresponding eigenfunctions are 


D(x) = sin i (7 = 1,2,...). 


10 This can also be verified directly by examining the solution of equation (12.2) for 
X <0. By doing this, the reader can convince himself that the condition (12.4) cannot be 
satisfied. 
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We do not consider negative values of n, since they give the same eigenfunc- 
tions (up to a constant factor) as the corresponding positive values of n. 
Thus, in the sense indicated in Sec. 4, only one eigenfunction corresponds to 
each value of 22. 

For A = 4,, equation (12.6) gives 


T,, = A,, cos aa,t + B, sin ai,,t 


= A, cos =" + B, sin 7 (7 = 1,2,...), 
so that 
aTnt . QATt\ . THN 
Un(% 1) = (4, cos 7 + Bn sino) TT (12.7) 
(7 = 1,2,...). 
Thus, to solve our problem, we set 
u(x,t) = u,(x, t 
= > (4, cos anit + B, sin on) sin, 
im l l l 
and require that?! 
u(x, 0) = S A,, sin —— asad = f(x), 
n= 1 
Gu(x, 0) | =| = (- amn . amnt amn = amnt\ . mx 
oP 2 A, 7 Sin — + B, 7 COS n r |. 


TN | THX 
- >, In = g(x). 


Therefore, we have to expand f(x) and g(x) in Fourier series with respect to 
the system {sin (17x//)}. The formulas for the Fourier coefficients give 


A, = 7 [£09 s in ax (n = 1,2,...), (12.9) 
arn 
B, —- = if 2(x ) sin = dx, 
or 
2 fi . THX 
B, = aan Jo g(x) sin ax (n= 1,2,...), (12.10) 


e., the solution of our problem is given by the series (12.8), where A,, and 
B, are determined from formulas (12.9) and (12.10). 


11 As in the method of Sec. 1, we differentiate the series term by term. 
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Thus, we see that the vibrational motion of the string is a superposition 
of separate harmonic vibrations of the form (12.7), or of the equivalent form 


. fatnt . THX 
u, = H,, sin (a + 2») sin —> 


where 


—_-—, A B 
H,, = V A? + Be, sing, ==> cosa, = TA 
n n 


The amplitude of the vibration of the point with coordinate x 1s 


. THX 
sin TT ) 


Hi, 


and is independent of ¢. The points for which x = 0, //n, 2//n,..., 
(n — 1)l/n, 1, remain fixed during the motion, and are known as nodes. 
Hence, a string whose vibrations are described by formula (12.7) is divided 
into m segments, the end points of which do not vibrate. Moreover, in 
adjacent segments, the displacements of the string have opposite signs, and 
the midpoints of the segments, the so-called antinodes, vibrate with the largest 
amplitudes. This whole phenomenon is known as a Standing wave. 

Figure 48 shows consecutive positions of a string whose vibrations are 
described by formula (12.7), where n = 1, 2, 3,4. In the general case, where 


3 Sse, 


13 SSS 


FIGURE 48 


the vibrations of the string are described by formula (12.8), the fundamental 
(mode) corresponds to the component uw, with frequency 


and period 
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The other vibrational modes of the string, i.e., the overtones, with frequencies 


o, = rm /T 
"LT ITN o 


and periods 


_ -2z 2 |e 
"  @, ANT 

characterize the timbre or “color” of the sound. If the string is held fixed 
at its midpoint, then clearly the even overtones of the string, for which the 
midpoint of the string is a node, are preserved. However, the fundamental 
and the odd overtones are immediately extinguished, since by holding the 
midpoint of the string fixed we essentially go from a string of length / to a 
string of length //2, and changing / to //2 in (12.8) leads to a series containing 
only even components. Then the overtone with period t, = 2n/w, = 7,/2 
plays the role of the fundamental. 


13. Forced Vibrations of a String 


Next we consider the case of a periodic perturbing force, 1.e., we write 


F(x, t) 


= A sin wt. 
p 
Then 
et = Asinot = > F,() sin =, (13.1) 
n=1 
where 
2 fi . , Tnx 
F(t) = 7 {, A sin wt sin TT dx 
2A ne: _ 
= — 0 — (- DJ sin of (7 = 1,2,...). 
If we write 
u(x, t) = > T,(t) sin — (13.2) 
n=1 


substitute (13.2) and (13.1) in (11.3), and carry out the required term by 
term differentiation, we obtain 


CO 


» . aren? 2A ny: . TNX 
> (tr + SS 7, - 4 th = (-1)"]sin or) sin j = Q, 


n=! 
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whence 
Tn + oe T,, — <f [1 — (—1)"] sin of = 0. (13.3) 
Writing 
WO, = = (n = 1,2,...) 


for simplicity (these will be recognized as the frequencies of the free or 
characteristic vibrations of the string), we can rewrite equation (13.3) as 


T" + oT, = oA ~1)"] sin wr. (13.4) 


Solving this equation, we obtain 
2All — (-1)"] 


T. = A, coso,t + B, sin w,t + ———S———— 
fl fl fl fl ai TeH( G2 __ «)*) 


sin wf, (13.5) 


if w, # ow. To satisfy the conditions (11.4) and (11.5), we require that 
u(x, 0) = > T,(0) sin = = f(x), 


ut Gu(x, 0) _ >) T,,(O) sin -— = g(x). 


n= 1 


A calculation of the Fourier coefficients of f(x) and g(x) gives 


T,(0) = A, = 5 | f(x) sin = ax, 
l Jo l 
2Aw[l — (—1)] 


T(O) = w,B, + mi(@? — 2) (13.6) 
2! . THX 
=F i g(x) sin > 
or 
TAX — 2Aofl — (-1)"] 
B, ma g(x) sin dx xno, (a2 — w2) (13.7) 


where we have used (13.5). Substituting (13.6) and (13.7) in (13.5), and then 
substituting the resulting expression for 7,, 1n (13.2), we obtain 


TON 


u(x,t) = > (A, cos o,f + B, sin o,f) sin 
n=l 
sin [(2k + 1)rx//] 


+ 4A sin wf > 
™ Ko (2k + 1)(O3,41 — 7) (13.8) 


4A S Sin 6)5,,,/ sin [(2k + 1)rx//] 
yp (2A + 1)e2,41(@3,41 — 7) 
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where we have written 


WX 


B,, x J, 8) sin = ax 


Recalling the expression for w,, the reader will easily recognize that the 
first sum in the right-hand side of (13.8) is the function giving the free 
vibrations of the string, subject to the conditions (11.4) and (11.5). [See 
(12.8), (12.9), and (12.10).] Therefore, the second and third sums give the 
‘correction’? caused by the presence of the perturbing force. The second 
term represents what is sometimes referred to as the “‘pure’”’ forced vibrations, 
since they occur with the frequency of the perturbing force. 

Equation (13.5) holds if w, #4 wo. We now examine the situation when 
W, = @, 1.e., When the frequency of the perturbing force is the same as one 
of the characteristic frequencies of the string. Then, equation (13.4) gives 


T, = A,coswt + B,sinot — 24 [1 — (-1)")cos wt. 
TUG 


This shows that when » is odd, the amplitude of the mth vibration in the 
term 7,,(t) sin (nx//) of the sum (13.2) is 


H = | (4, - 244) + 83 (4, - ty + B* |s 
TUIG 


which becomes unbounded as ¢f increases. In this case, we say that resonance 
OCCcUSS. 


~ TAX 
sin -— 


l 


14. Equation of the Longitudinal Vibrations of a Rod 


Consider a homogeneous rod of length /. If the rod is stretched or 
compressed along its longitudinal axis, and then released, it executes longi- 
tudinal vibrations. We choose the x-axis along the axis of the rod, and we 
assume that in the equilibrium position, the ends of the rod are located at the 
points x = 0and x =/. Let x be the abscissa of a cross section of the rod 
at rest, and let u(x,t) be the displacement of this cross section at the 
time ¢. Consider an element AB of the rod, whose ends are located at the 
points x and x + Ax when the rod is at rest, and let the ends of this element 
have the new positions A’ and B’ at the time ¢, with abscissas x + u(x, t) and 
x + Ax + u(x + Ax, t), respectively (see Fig. 49). Thus, at the time ¢, the 
element AB has length Ax + u(x + Ax, t) — u(x, t), 1.e., its absolute increase 
in length is 


Cu(x + OAx, £) Ax 


Ay (0< 90 < 1), 


u(x + Ax, t) — u(x, t) = 
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while its relative increase in length 1s 
Ou(x + DAx, t) 

Ox 
In the limit as Ax — 0, the relative increase in length of the cross section of 
the rod at x Is 

u(x, t) 

Ox 
According to Hooke’s law, the force T acting on the cross section at x Is 
given by the formula 


Ou 
T= Es Ox 
where £ 1s the modulus of elasticity (Young’s modulus) of the material from 
which the rod 1s made, and s 1s the cross-sectional area of the rod. 


x +u(xf) xatAxtul(stdx7) 


FIGURE 49 


Returning to the element AB which has the new position A’B’ at time ¢, 
we note that AB is acted upon by forces 7; and 7>, applied at the points 
A’ and B’ and directed along the x-axis. (For the time being, we consider 
no other forces.) The resultant of these forces is 


2 Ou(x + Ax, t)  ou(x, t) 
Ty ~ Ty = Bs (SE eee) 
2 
Es 02u(x + OAx, £) 
Oxe 
and is also directed along the x-axis. Regarding the element AB as being 
very small, we can write 


Ax, 


O24 
Ox2 


where 0 is the density of the material from which the rod is made. Setting 
E/o = a? and dividing by An and s, we obtain 


02u 02u 
Ore = q? By’ (14.2) 


2 
OS Ax oe = Es Ax, (14.1) 


which is the equation for free vibrations of the rod. This equation has the 
same form as the equation for free vibrations of a string. 
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If the rod is acted upon by an additional force of amount F(x, ft) per unit 
volume, then instead of (14.1), we have 


G2 02 
os Ax at = Es = Ax + F(x, t)s Ax, 


so that 


Ou tu F(x, t) 


or Ox? 0 


(14,3) 


This 1s the equation for forced oscillations of the rod [cf. (11.3)]. 

We now pose the problem of finding the displacement of the cross sections 
of the rod at any time f, with specified initial and boundary conditions. The 
boundary conditions can take various forms: 


Case 1) The rod is fastened at both ends: 
u(O, t) = u(/, t) = 0; 
Case 2) One end of the rod is fastened, and the other end is free: 


Ou(l, t) _ 


u(O, t) = 0, ay 


0 (14.4) 


(the force on the free end of the rod is zero and hence du/dx = 0); 
Case 3) Both ends are free. 


We shall devote our attention to Case 2, where the boundary conditions 
(14.4) are met. The initial conditions have the familiar form 


u(x,0) = fx), ME = g¢ay, (14.5) 


l.e., the initial displacements and initial velocities of the cross sections of the 
rod are specified. 


I5. Free Vibrations of a Rod 
As in the case of the vibrating string (see Sec. 12), we look for particular 
solutions of the form 
u(x, t) = D(x)T(2), 
and arrive at the equations 
mb" + 220 = 0, (15.1) 
T”" + a?2T = 0, (15.2) 
with the boundary conditions 
O(0) = O'(/) = 0. (15.3) 
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Equation (15.1) has the solution 
P(x) = C, cos Ax + Cy sin AX (C,; = const, Cy = const). 
According to (15.3), for x = 0 and x = / we must have 
m(0O) = C, = 0, M'(/) = C,Acos Al = 0. 


Assuming that C, # 0, since otherwise (x) would be identically zero, we 
find that A/ = (2m + 1)x/2, where 7 Is an integer. We write 


= en + Dr (n = 0, 1,2,...), 
(15.4) 
(x) = sina,x = sin C2 VE, 2 0, 1,2,...). 


21 


(The negative values of 7 give no new eigenfunctions.) For A = 4A,, equation 
(15.2) leads to 


T(t) = A, cos ai,t + B, sin ad,t G7 = 0,1, 2,...), 
and therefore 
u(x, t) = (A, cos aa,t + B, sin ad,t) sin 4.x (7 = 0,1, 2,...). 
To solve our problem, we form the series 
u(x,t) << . . 
aC > u(x,t) = > (A,, cos ai,t + B, sin ai,t) sin r,x, (15.5) 


n=O n=0 


and require that 


u(x, 0) = > A, sin A,x = f(x), 


n=O 


u(x < . ; 
u(x, 0) _ > (—A,ah, sin ad,t + Bad, COs ad,f) sin | 
1 n=0 m0 


= > Bax, Sin a, NX = g(x). 
n=O 
A calculation of the Fourier coefficients of f(x) and g(x) with respect to the 
system {sin A,.x} gives 


i 
\ f(x) sin A,.x dx 


(1 = 0,1, 2,...), 
[ sint A,x dx 
'0 


| 


7 
| g(x) sin A,x dx 
B,ar, = “.—————-_ (0 = 0, 1,2, ....). 


[ sin? Av dx 
0 
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But 
r lf! l 
? cad tad — — —_ a a —_— —9 
i, siné A, x dx = a (1 — cos 2A,.x) dx = 5 


and therefore 


I 
A, = 5 £09) sin A,x dx (17 = 0,1, 2,...), 
B, = = [' (x) sind,x dx (15.6) 
"= TTI 8 na,x dx , 
== _ f' (x)sinaA,xdx (n=0,1,2 ) 
— (Qn + lar » = n i= 9 *5 “9 +e 


(see (15.4)]. 

Thus, the solution of our problem is given by formula (15.5), where 4,, 
and B, are determined from (15.6), 1.e., the vibrational motion of the rod is a 
Superposition of separate harmonic vibrations 


u, = (A, cos ax,t + B, sin ad,t) sin A,X, (15.7) 
or 
u, = H,, sin (aA,t + «,) sin A,X, 
where 
H, = VA2 + B2, sing, = An, cos Oo, = at. 
HT, ff, 


The amplitude of the vibrational motion described by (15.7) is 


(Qn + 1)nx 


H,,|sin 4,x| = H,,|sin 7 


b] 


which depends only on the position x of the cross section, and not on the 
time ¢. As for the frequency, it is given by 


a" 2 2 5. 
and hence the period 1s 


_ 2m Al - 4 /2 
™ "Oo  QntDa mM+tINE 


ai 


In the case of a vibrating rod, the fundamental mode is obtained for 
n = 0; it has amplitude 


. TX 
Ag sin si 
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oy = 3/2 
° 21N 0 


VQ = 41/8 


Therefore, the fundamental mode corresponds to a node at the fixed end 
(x = 0), and an antinode at the free end (x = /), as shown in Fig. 50. 


frequency 


and period 


x=0 xzl 


FIGURE 50 


16. Forced Vibrations of a Rod 


Next, we consider the case where the rod 1s suspended from the end 
x = 0 and the perturbing force 1s the force of gravity, 1.e., 


F(x, t) = eg, 


where F(x, t) 1s the force per unit volume, o is the density of the rod, and g 
is the acceleration due to gravity. In this case, the equation for the vibrations 
takes the form 

02u 02u 

a = gett 

ae = 5 +g (16.1) 
[see (14.3)], again subject to the boundary conditions (14.4) and the initial 
conditions (14.5). We set 


CO 
u(x,t) = > T,(t) sin Aux, 
n=0Q 


(16.2) 


F(x = ; 
ee =g= > F,, SIn A,X, 
n=O 


where 


I 
[° g sin A,X AX D 
0 


F, = 2 = 38 (7 = 0,1,2,...). 
- 12 . . /},, 
sin? A, x dx 
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Substituting the series (16.2) in (16.1) and transposing all the terms to 
the left, we obtain 


00 ; 2p 29 
> (7 + ONT in 


sin A, x = 0, 
fl 
whence 


T’ +axXT, — fe = 0 (7 = 0,1, 2,...). 


The solution of this equation has the form 
T, = A, cos an, 8 
= A,,cosan,t + B, SIN Ant + F953 (17 = 0, 1, 2,...). 


To satisfy the conditions (14.5), we require that 


u(x, 0) = >. T,(0) sin ex = S00), 


n=0 
du(x,0) <a, ee 
—>y 2 T) (0) sin AX = g(x). 


A calculation of the Fourier coefficients of f(x) and g(x) with respect to the 
system {sin A,,x} gives 


T,(O) = A, + = 


2g 2 
lar 


i F(x) sin 4,,.x dx, 


T’(O) = Bah, = an 2(Xx) sin KX dx 


[cf. (15.6)], so that 


A, 


2! . 2 - 2 
7 i, I(x) Sin A,X dx — las = A, — _é , 


B 


_ —— | g(x) sind,xdx (n= 0, 1,2,...). 
n° O 


Therefore, we have 


fo @) 
u(x,t) = > (A,, cos av,t + B, sin ad,t) sin A,.x 
n=0 


2g 52, cos Ol sin A,X | 2g ~ sin A,x 
lat 


T72 3 
la n=O Mn 


The reader will recognize at once that the first sum on the right 1s the function 
giving the solution of the problem of the free vibrations of a rod with the same 
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conditions (14.5). Hence, the second and third terms give the corrections 
due to the force of gravity. 


17. Vibrations of a Rectangular Membrane 


By a membrane, we mean an elastic film supported by a closed plane curve. 
When the membrane 1s at rest, all its points lie in one plane, which we take 
to be the xy-plane. If the membrane is displaced from its equilibrium 
position and then released, it begins to vibrate. We consider only small 
vibrations of the membrane, assuming that the area of the membrane does 
not change and that each of its points vibrates in a direction perpendicular to 
the xy-plane. Let u(x, y, t) denote the displacement at time ¢ of the point 
(x, y) of the membrane from its equilibrium position. Then, by a derivation 
similar to that made in the case of the string, one finds that the equation for 
the free vibrations of the membrane has the form 


02 02u 02y 
ote 2 (C64 2), 
an ~ © (2 + =) (17.1) 


while the equation for forced vibrations of the membrane 1s 


o2y C2u On F(x, y, t) 
—- = 2 —— _—_— a 2 2 ° 
a (= + =i) + (17.2) 


where c? = T/o, T is the tension in the membrane, 0 is its surface density, 
and F(x, y, t) 1s the force per unit area acting on the membrane. 

The problem of the vibrating membrane can be posed as follows: Find 
the solution of equation (17.1) or (17.2), i.e., find the displacement of the 
points of the membrane at any time ¢, subject to the condition 


u=0 (17.3) 
met on the (fixed) boundary of the membrane, and the initial conditions 
u(x, y, 0) = f(x, y) (17.4) 
(specifying the initial displacement of the membrane) and 
Ou(x, y, O 
cues YO) = g(x, y) (17.5) 


(specifying the initial velocities of the points of the membrane). 

We now study the case of the free vibrations of a membrane in the shape 
of a rectangle R: 0 <x<a,0<y<b. The probiem differs from the 
problem considered in Part I in that the function u depends on three rather 
than two variables. Nevertheless, we again apply the eigenfunction method 
and begin by looking for particular solutions of the form 


u = D(x, y)T(h), (17.6) 
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which are not identically zero and which satisfy the condition (17.3) on the 
boundary of the rectangle R. Differentiating (17.6) and substituting the 
result in (17.1), we obtain 


02 02) 
(DT’ = c2f{a— 4 2 
DT C ( Ax? a) T, 
so that!2 
62 n o2p 
0x2 Oy2 T 
a ee CC ese 
i aT A const. 
Hence 
620 62 
ay ii 
aya By + 20 = 0, (17.7) 
T” + c*dT = 0, (17.8) 


where, as 1s easily seen, the function ® satisfies the condition 
®=0 (17.9) 


on the boundary of the rectangle. 
Thus, we now consider equation (17.7), with the boundary condition 
(17.9). We fix A and look for particular solutions of (17.7) of the form 


D(x, y) = (YQ), (17.10) 


which satisfy the condition (17.9) on the boundary. Substituting (17.10) in 
(17.7) gives 

oy + op" + doy = 0, 
or!3 


" a 4 
= _ _ yi t+ 2yY = —k2 = const, 


Y 


whence 
" 4 ko — 0, y" + [2u) — QO, (17.11) 
where we have written 


[2 = 22 — k?, (17.12) 


12 The fact that this constant should not be chosen to be positive is clear just from the 
fact that otherwise the coefficient of T in equation (17.8) would be negative, so that the 
solution of (17.8) would not be periodic, i.e., contrary to experience, we would not have 
vibrations. 

13 If the constant were positive, we could not satisfy the boundary condition. 
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For the solutions of (17.11), we find 
o(x) = C, coskx + Cy) sinkx, (x) = C3 cos ly + Cy sin ly, 


where C,, C>, C3, and Cy, are constants. The boundary condition implies 
that 


00) = 9(4) = 9, 40) = ¥() = 9, 


and hence 
C, = C; = 0, C,sinka = C,sin /b = 0, 


so that ka = mn, /b = nz, where m and are integers. Setting C, = Cy, = | 
and writing 


ky = — = (m=1,2,...;n =1,2,...), 


we find 


. . TMX 
O,(x) = sink,,.x = sin a 


(m = 1,2,...; n = 1,2,...) 
v(y) = sin /,x = sin = 
(We do not consider negative values of m and n, since they give the same 
functions 9,, and ,, to within a constant factor.) According to (17.10) and 
(17.12), if 


A= Amn = VK2 4+ 2 = 2 V(m2/a2) + (n2/b2), (17.13) 


we obtain the following particular solutions of equation (17.7) satisfying the 
boundary condition: 


TMX . THY 


D(X; y) — Pin(X) Vay) — sin a Sin b 


We now Solve equation (17.8) for every 4 = 4,,,,; the result is 
Tinn(t) — Amn COS CAmnt + Binn sin CAmnt. 
Therefore, the functions 


. . TNX. Teny 
Umn(X; y» t) — (Ajnn COS Chrnnl + Bian sin Chmnt) Sin a Sin 


b 


(17.14) 
(m = 1,2,...; n = 1,2,...) 


are particular solutions of (17.1) satisfying the boundary condition (17.3). 
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To obtain the solution of equation (17.1) satisfying the initial conditions, 
we set 


0 


u(x, V5 t) — > UmnnlX, ys t) 
m,n=l 
= THX . TH 
— > (Ann COS Chrnnl + Brin sin Cnn) sin a7 sin = (1 7.15) 
m, n=l 


and require that 


UC, 940) =D Ap sin 22 sin 2 = f(x,y), 


m, n=l 
du(x, y, 0) 
ot 


0 @) 
TUX TCH 
> (— A mnC Amn Sin Cif + BianCAmn COS Crnnt) sin —_—- Sl n | 

mm r= l Q b <0 


TURIN =. Tl 
Sl y 


b 


‘o @) 
> BiinC Amn SiN 


m,n=Il 


Assuming that f(x, y) and g(x, y) can be expanded in double Fourier series 
with respect to the system {sin (x1x/a) sin (xny/b)} and using the results of 
Ch. 7, Sec. 4, we obtain 


_ 4 " RMX. TAY 
Amn = ab {| F(x, y) sin — sin —— P dx dy (17.16) 
and 
7 TNX THY 
Bryn mn ~~ ab ai ee: y) sin sin bh ax dy, 
or!4 
— 4 TNX . THY 
Bian = aber, Ip [ (x, y) sin 7 sin n= dx dy. (17.17) 


Thus, the solution of our problem is given by the series (17.15), where 4,,,,, 
and B,,,, are calculated by using formulas (17.16) and (17.17). 


14 In Ch. 7, Sec. 4, we expanded functions in double Fourier series in a rectangle of the 
form -—/<x<l,-h<y<h._ Ifinstead, we want to expand a function f(x, ¥) in a rec- 
tangle of theform0O < x < a,0 < y < J, with respect to the system {sin (7771x/a) sin (xny/5)}, 
this can be done by making the odd extension of f(x, y), first in the variable x and then in 
the variable y. Then, the formulas for the Fourier coefficients take the form (17.16). 
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The frequencies of the characteristic vibrations of the rectangular 
membrane have the form 


Onn = CAmn = TCV (m2/a2) + (n2/b2) (m= 1,2,...; n= 1,2,...), 
[see (17.13) and (17.14)], with the corresponding periods 


1, = ee (m= 1,2,...;n = 1,2,...). 
Om  cV(m2/a2) + (n2/b2) 

There is an important difference between the case of the vibrating membrane 
and that of the vibrating string: In the case of a string, every characteristic 
frequency corresponds to its own configuration of nodes, whereas in the case 
of a membrane, the same characteristic frequency can correspond to several 
configurations of nodal lines (1.e., lines or curves which remain fixed during 
the course of the motion). 

We illustrate this situation, using the particularly simple case of a square 
membrane, where we set a= b= 1. Then, the frequencies of vibration 
are 


Opn = Chm = TOV m2 + 12 


and instead of (17.14), we can write 


Une = Hin SIN (Oinnt + pn) SIN THN Sin THY, 
where 
Hin = VA2, + B2, 
sin Cain = inn, COS 4,,, = = 
mit min 


For the fundamental mode, 1.e., for » = n = 1, we have 
QW), = nev 2, 
Uy, = Hy, sin (Over: + 0011) sin TON sin TY, 


from which it 1s clear that there are no nodal lines at all. Next, we set 
m=1,n =20rm=2,n = 1. Then, the same frequency 


GW = Wy2 = Wo] = mew 5 
corresponds to the two modes 


ujyo = A> sin (wr + 19) sin TON sin 2Ty, 


U5, = Ho, sin (wt + &)) sin 27x sin Ty, 


the first of which has the nodal line y = 4 and the second the nodal line 
x = 4. Moreover, the frequency w also corresponds to the ‘‘compound”’ 
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mode wu; + wu, which in general leads to a new nodal line. In fact, writing 
112 = %, = O for simplicity, we obtain 


Uy2 + Un; = SIN wt), sin wx sin 2xy + Hp), sin 27x sin ry), 
whence it follows that the points satisfying the equation 
Ay. sin mx sin 2ny + H>, sin 2x sinry = 0 (17.18) 
form a nodal line. In particular, for H,. = H>, we obtain 


sin wx sin 2xy + sin 27x sin tty 
= 2 sin mx sin my (cos 7x + cos my) = 0, 


which gives the nodal line 
x+ye=l. 
Similarly, for H,. = — A>, we find the nodal line 
x—y=Q0. 


Thus, 1f we vary the coefficients H,, and H>, in the “compound”’ tone 
Ura + U>,, equation (17.18) leads to new nodal lines, 1.e., an infinite number 
of nodal lines can correspond to a given frequency. In Fig. 51(a), we show 


the simple nodal lines just found for the frequency w = nev 5. 


(a) i 


(b) 
\ / _ 
Ny” ne \ 
yo \ ‘oo 
(c) ‘ 
FIGURE $1 


If we set m = 2,n = 2, we obtain the frequency 
Woy = TeV 8, 
corresponding to the unique mode 
Ur = A Sin (@o7t + & 2) SIN 27x Sin 27). 


In this case, the nodal line is the locus of the points in the plane for which 
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either x = 4 or y = 4 [see Fig. 51(b)]. Finally, in Fig. 51(c), we show the 
simplest nodal lines corresponding to the frequency 


©) = 03 = 03, = meV 10. 


18. Radial Vibrations of a Circular Membrane 


Next, we consider a circular membrane of radius /. For convenience, we 
introduce polar coordinates in the xy-plane, choosing the center of the 
membrane as the origin. The change of variables 


x =rcos0, y=rsin§ 


transforms equation (17.1) into 


02u O2u lou. 1 eeu 
—__- — 2{—— -—_— A TN J? ° 
Or & ror r2 =a) (18.1) 
and equation (17.2) into 
02u 02u lou. 1 eeu F(r, 9, t) 
——— —_— 2 Od ewe — see WN? 7? 
et? (2 ror r2 2) r 0 (18.2) 


We shall discuss only the case of free vibrations of a circular membrane, 
i.e., the case described by equation (18.1), assuming first that the initial 
displacements and initial velocities of the points of the membrane are 
independent of the angle 8. Then, it is clear that at any time ¢, the displace- 
ment is also independent of 0, so that u = u(r, t). In this case, the vibra- 
tions are said to be radial, and equation (18.1) reduces to 


The boundary condition has the form 
u(/, t) = 0, (18.4) 
and the initial conditions have the form 
u(r, 0) = f(r), 
out) = (0). (18.5) 


Following our previous method, we look for solutions of equation (18.3) 
of the form 


u(r, t) = R(r)T(h), 
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which satisfy the condition (18.4). Differentiating this expression and 
substituting the result in (18.3), we obtain 


RT" = c? (R'T + ; RT) 


whence 
R" 4 (1/r)R’ Z T" 2 a 
R = a7 = A+ = const, 
so that 
R" + -R + A2R = OQ, (18.6) 
T" + c2dT = 0. (18.7) 


Equation (18.6) 1s the parametric form of Bessel’s equation, with index 
p = O(see Ch. 8, Sec. 11), and has the general solution 


R(r) = CyJo(ar) + Cz Yor) 


(see Ch. 8, Sec. 6). Since Yo(Ar) is unbounded at r = 0, we must set C, = 0. 
Moreover, to obtain a solution different from R = 0, we have to assume that 
C, #0. Then, it follows from the boundary condition (18.4) that 


J (Al) = QO, 


1.e., 2 = A/ must be a zero of the function Jo(u). Setting C; = 1, we obtain 


— Un 
A, = j 
U0 
Rr) = JoQ,r) = Jo ( j ) (1 = 1, 2,...), (18.8) 


where u,, = A,/ 1s the mth zero of the function J(u). 
For A = A,, equation (18.7) has the solution 


T(t) = A, cos cA,t + B, sin ca,t (n = 1,2,...). 
Thus, we have finally found particular solutions of (18.3) of the form 
u,(r, t) = (A, cos ca,t + B, sin ca, t)Jo(A,,") (n = 1,2,...), (18.9) 


satisfying the boundary condition (18.4). 
To find a solution of (18.3) satisfying both the boundary condition (18.4) 
and the initial conditions (18.5), we write 


u(r, t) = > (A, Cos cA,t + B, sin cAy)Io(Anr)s (18.10) 


n=] 
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and require that 


u(r, 0) = >. A,Joant) = f(r); 


du(r, 0) _ 


OL > (— A, ca, sin cr, t + Bcd, cos cht) JoCwr)| 
n=! 


t=0 
— > B,CAnI (An) = g(r). 
n=1 


A calculation of the Fourier coefficients of f(r) and g(r) with respect to the 
system {J,(A,7r)} gives (see Ch. 8, Sec. 24) 


2 * 
A, = P7%Xu,) j. f(r) JoAnr) ar, 


, (18.11) 
B,Ch, = PPu,) \ re(r)Jo(Ar) ar, 
or 
B, = oe [ re(r)Jo(A,r) ar. (18.12) 
Px, Ki, Jo 


Thus, the solution of our problem is given by the series (18.10), where the 

coefficients A, and B, are determined from the formulas (18.11) and (18.12). 
The separate harmonic vibrations (18.9) which make up the complicated 

vibrational motion of the membrane, can be represented in the form 


u,(T, t) = Al, sin (cA,t + oI o(Anr)s 


where 


2 


ee A 
H, = VA2 + B2, sina, = — cosa, = 


H, H, 


and the characteristic frequencies of the membrane are 


WO, = ch, = che 


The amplitude of vibration of the nth mode its 
FY,,| JoAnn); 


and depends only onr. The nodal lines are obtained from the equation 


Jo(A,1) = (&") = 0 (O<r</) 


[see (18.8)]. If m = 1, there are no nodal lines. If = 2, a nodal line is 
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obtained for r = uw,//y., if nm = 3, nodal lines are obtained for r = u,//u3, 
r = uyl/u3, etc. In Fig. 52, we show the nodal lines and corresponding 


~~. _ ~~ 
FIGURE 52 


sections of a membrane whose vibrations are described by (18.9), for 
n = |, 2, 3. 


19. Vibrations of a Circular Membrane (General Case) 


In the general case, the problem of the free vibrations of a circular 
membrane of radius / reduces to solving the equation 
07u 07u ss 1 Ou ] o2u 
we et{(est yey et 19.) 
Ot? (5 ror re ad (19.1) 
(see beginning of Sec. 18), with the boundary condition 


u(1, 0, t) = 0, (19.2) 


and with the initial conditions 
u(r, 9,0) = f(r, 9), 


M99) = g(r, 0) (19.3) 


We look for particular solutions in the form of a product 
u(r, 8, 1) = D(r, 9)T(O), 


which are not identically zero and which satisfy the boundary condition 
(19.2). Substituting this expression in (19.1), we obtain 


oD 1 aD 1 o2D\ _ 
T" 2 _ 
® “ (S33 ror r2 8 | 
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so that!> 
02—D | o® | 02D 
Therefore 
am Lab 1 amb _ 
ore r or r% O02 


T’ + xT = 0, (19.5) 


— 720, (19.4) 


where to satisfy the boundary condition (19.2), we must require that 
m(/, 0) = 0. (19.6) 


Thus, we arrive at a boundary value problem for equation (19.4). To 
solve this problem, we look for particular solutions of (19.4) of the form 


Mr, 0) = R(r)F(8), (19.7) 
which are not identically zero and which satisfy the condition (19.6). Sub- 
Sstituting (19.7) in (19.4) gives 


R'F + — R'F + 4 RF" + 2RF = 0, 
_ RR" + (DR + 22R _ EF" 


— _vy2 — 16 
(1/r2)R rs v const 


Therefore, we have 


r2R" + rR’ + (22 — v2)R = 0, (19.8) 
F’ + v2F = 0. (19.9) 


Equation (19.9) has solutions of the form cos v0 and sin vO. Since if we 
change 0 by 27, we come back to the same point of the membrane, the 
function u, and hence ® and F, must have period 2x. Therefore, the number 
v must be an integer, 1.e., 


V=A, (1 = 0,1, 2,...), 
and the solutions of (19.9) are!? 


cos 10, sin 0, (n = 0,1, 2,...). (19.10) 


1) We take the constant to be negative, since otherwise the function T would not turn 
Out to be periodic, and we would not have vibrations, contrary to what actually happens. 

16 The constant is taken to be negative, since in a problem like this, the function F(0) 
must be periodic [see (19.9) et seq.]. 

'7 For v = 0, equation (19.9) has another solution of the form C0, which can be dis- 
carded, since it 1s not periodic. 
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(The negative values of » give the same functions, to within a constant 
factor.) 
Thus, equation (19.8) takes the form 


r2R" + rR’ + 022 - n2)R = 0. 


This equation is the parametric form of Bessel’s equation, with integral 
index ”, and has the general solution 


R(r) = CyJ,(ar) + C2 Y,(ar). 


Since the solution must be bounded, we are compelled to set C, = 0, because 
Y,(Ar) > 00 as r—>0O (see Ch. 8, Sec. 6). If we put C, = 1, then by the 
boundary condition (19.6) 


RV) = Jl) = 9, 


1.e., A/ = uw must be a zero of the function J,,(u). 
We now write 


+ = nm 
711, / 


? 


(19.11) 
/ 


Gn = 1,2,...;n =0,1,2,...), 


Ram — J. Anmt) — J, (Sen) 


where u.,,,, 1s the mth positive zero (in order of increasing size) of the function 
J(u). Then, the boundary value problem for equation (19.4), subject to the 
boundary condition (19.6), has the eigenvalues A,,, [see (19.11)], and the 
eigenfunctions [see (19.7), (19.10), (19.11)] 


Din Xt, 9) = TnAamr) COs 19, 


n=1,2,...; m=1,2,...). 
D* (r, 9) = J,Qnmr) sin nO ( ) 


For A = 4,,,, equation (19.5) gives 


fn? 


T 


hen 


= A, COS CApmt + Brym SIN CAnmt. 


Therefore, we have the following particular solutions of (19.1), satisfying 
the boundary conditions (19.2): 


Unm(l 0, t) — (Ann COS CAnme + Bim sin CdKrnmbOI nA!) COS no 
(m= 1,2,...; n= 0,1, 2,...), 


* (r, 9, t) = (A*®, COS CAnmt + BX SIN CAgmt)In(Anmr) sin nO 


Uu, rl mn 


(m = 1,2,...3; n= 1,2,...). 
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To obtain a solution of equation (19.1) which also satisfies the boundary 
conditions (19.3), we form the series 


u(r, 90, t) = > > [(A pm COS CAnmt + Bam SIN CAnme) Cos n9 
n=0m=1 (19.12) 
+ (A*™ COS CAnmt + B* sin CAy mt) sin 19] J,.QAnm) 
and require that 


u(r, 9, 0) 
= > > (Ann cos nd + AX, sin n0)JpAnmt) = S(r, 9), 
n=0 m=1 
du(r, 9, 0) 
Ot 
oO © . (19.13) 
= { > > [(— ApmCAnm SIN CApmt + BimCAnm COS CAnmt) cos nO 
n=O m=1 
+ (~A* ch, sin cA, t 
+ B* ch,,, COS CA,,,t) sin nOl,Oant)} 
1=0 
= > > (BimCAnm COS nO 
n=0 m=! 
+ B* Chnm SIN HB) Am’) = g(r, 9). 
To find the coefficients in these expansions, we now argue as follows: 
Let 
f(r, 8) = > (f(r) cos nO + f*(r) sin nO], (19.14) 
n=0 
where 
] fr 
fol) = 5 |” Slr, 8) a8, 
SAr) = - {" T(r, 9) cos nO dO, (19.15) 


(n = 1,2,...) 
l fr 
K(f») — + ; 
fr) = = i T(r, 9) sin nO dO 
l.e., we expand the function f(r, 9) in a trigonometric Fourier series with 


respect to the variable 0. We then expand each of the functions f(r) and 
f*(r) in Fourier series with respect to the system {J,(A,,,r)}. The result is 


LAP) = > Camb ams LEQ) = > CHI Anm!): 
m=! m= 1 
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where 


Cam = 12J2, (an a {. rf, (1) Jum!) dr, 
(19.16) 


C* 


* 
o = ED I, Sn ” ar. 


(r)J,(A 


nm 


Substituting (19.16) in (19.14) gives 


f(r, 8) = S S (C,,, cos n8 + C* sin n6)J,(A,,,r). 


n=O m=1 


Comparing this with the first of the formulas (19.13), and using (19.15) and 
(19.16), we obtain 


] i Tt 
Aom = Com = xPT Aton) \ dr i rf(r, 9)Jo(Aomr) @9, 


A nm — Cam 
— TP | dr | rf(r, 9) cos nOJ,(A, mr) d0 
(7 = 1,2,...; m = 1,2,...), (19.17) 
A* _ C* 


| 19 
~ omPS nin) \ ar \r f(r, 9) sin NOS Aamt) ao 
(n = 1,2,...; m= 1,2,...). 


In just the same way, we find that 
] [ T 
BomCAom = ZDTA gon) \, dr i rg(r, 9)Jo(Aonr) d9, 
y i 73 
BimChnm = PIE (a) j dr iz re(r, 9) cos nOJ,(Annt) dO 
(n= 1,2,...; m= 1,2,...), (19.18) 


2 l rm 
H CAnm = PIE (,,) \. dr iZ re(r, 0) sin nOJ,(A,,.1°) dO 


(1 = 1,2,...; m= 1,2,...). 


B 


Thus, the solution of our problem is given by the series (19.12), where the 
coefficients are determined from formulas (19.17) and (19.18). 

There are a great variety of nodal lines corresponding to the simple 
harmonic vibrations u,,, and u*, which make up the complex vibration 


(19.12). For example, for uo), W927, and uo3, one finds the nodal lines shown in 
Fig. 52, while for wy9, U2, and u3, one finds the nodal lines shown in Fig. 53. 
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As in the case of a rectangular membrane, an infinite set of different con- 
figurations of nodal lines can correspond to the same frequency (depending 
on the coefficients 4,,, B., A* , B* 


him nm? nn nm)" 


FIGURE 53 


20. Equation of Heat Flow in a Rod 


Consider a homogeneous cylindrical rod, whose lateral surface is insulated 
from the surrounding medium. Choose the x-axis along the axis of the rod, 
and let u(x, t) denote the temperature at time ¢ of the cross section of the rod 
with abscissa x. Let AB be the element of the rod lying between x and 
x + Ax (see Fig. 49). Let At be a time interval which is so small that we can 
assume that the temperature of the cross sections at x and x + Ax does not 
change (in time). It has been established experimentally that the amount 
of heat g flowing through a rod whose ends are held at two constant tempera- 
tures is proportional to the difference between the temperatures, to the cross- 
sectional area of the rod and to the time interval At, while g is inversely 
proportional to the length of the rod. Therefore, the amount of heat 
flowing through the element AB 1s 

— Klu(x + Ax, t) — u(x, O]s At 

q = Ax 
_ Kéu(x + OAx, 2) oA 
Ox 

where K 1s a constant of proportionality called the thermal conductivity of the 
material from which the rod is made, and s is the cross-sectional area of the 
rod. In the limit as Ax —~ 0, we obtain the amount of heat Q(x) flowing 
through the cross section at x 1n the time Ar: 


(0<0 < 1), 


O(x) = ko s At. (20.1) 


Now, it can easily be seen that the amount of heat AQ which the element 
AB receives in the time At is 


AQ = Ox + Ax) — Q(x) 
7 Ou(x + Ax,t)  du(x, ft) 
= KsAt ae a | 
d2u(x + 0,Ax, £) 
Ox? 


(20.2) 


Ks At Ax 


I 


(0 < 0, < 1). 
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(It should be kept in mind that heat flows in the direction opposite to the 
direction in which the temperature increases.) The quantity AQ can also be 
calculated by another method: Suppose that the element AB is so small that 
at any given time the temperature of all its cross sections can be regarded as 
being the same. Then 


AQ = cos Ax [u(x, t + At) — u(x, t)] 


Ou(x, t + 0, At) 
Ot 


cos Ax At (0 < 0, < 1), (20.3) 
where c 1s the heat capacity and o is the density (per unit length) of the 
material from which the rod is made. (Thus, os Ax is the mass of the element 
AB.) 

A comparison of (20.2) and (20.3) shows that 


Ou(x,t + 0,At)  ,, e2u(x + 8, Ax, 2) 
“? at —* ax? 


and if we pass to the limit as At 0, Ax + 0, then 


Ou o2u 
— = 2 —_—_——5 . 
7 a Axo (20.4) 


where a2 = K/co. In this way, we obtain the equation for heat flow (or heat 
conduction) in a rod. 

We now pose a variety of problems, corresponding to different conditions 
imposed on the ends of the rod. 


21. Heat Flow in a Rod With Ends Held at Zero Temperature 


This problem consists in finding the solution of equation (10.4), with the 
boundary conditions 


u(O, t) = u(/, t) = 0 (21.1) 
(the ends of the rod are at x = 0 and x = 7), and with the initial condition 
u(x, 0) = f(x), (21.2) 


where f(x) is a given function. Equation (20.4) is a special case of equation 
(1.2) of Part I, and hence all the considerations given there apply to the 
present problem. 

Thus, we look for particular solutions of the form 


u(x, t) = D(x)T(t) 
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which do not vanish identically and which satisfy the boundary conditions 
(21.1). Substituting this expression in (20.4) gives 


OT’ = a20’T, 
whencel8 
a = a = —)4 = const. 
Therefore, we have 
DO” + 220 = 0, (21.3) 
T’ + a*d2T = 0. (21.4) 


The solution of (21.3) is 
D(x) = C, cos Ax + Cy sin Ax, 
and because of the condition (21.1), we must require that 
@(0) = C, = 0, 
M(/) = C, sin A/ = 0. 


Therefore, assuming that C, # 0, we obtain A/ = xn, where nv 1s an integer. 
If we set C, = 1, then 


TH 
A, = — 
ra | / 
. . THX 
®,(x) = sin a,x = sin —- (n = 1,2,...). 
For 4 = A,, equation (21.4) gives 
one _ arr ’n’ , 
T(t) = A,e-@4nt = A,e @ , A, = const (n= 1,2,...). 
Hence, the functions 
mx — en 
u(x, t) = A, sin——e PP (n = 1,2,...) 


represent particular solutions of (20.4) which satisfy the boundary conditions. 
To satisfy the initial condition, we form the series 


= _ max 2h, (21.5) 


18 We leave it to the reader to decide why the constant is chosen to be negative here 
(see Sec. 12). 
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and require that 


u(x, 0) = 5 A, sin = = f(x. 
n=! 
Thus, we have to expand f(x) with respect to the system {sin (m7x//)}. A 
calculation of the Fourier coefficients gives 


TUX 


A, = 7 f fe) si n=dx (n= 1,2,...), (21.6) 


e., the solution of our problem is given by the series (21.5), where the 
coefficients A, are determined from the formulas (21.6). Because of the 
presence of the factors 


it 1s easy to see that the series (21.5) is uniformly convergent for t > ty > O, 
for any fg > 0. The same is true for the series obtained by term by term 
differentiation of (21.5) with respect to x and ¢t (any number of times). 
Therefore, the sum of the series (21.5) is continuous, and the term by term 
differentiation 1s legitimate (cf. Sec. 10). 


22. Heat Flow in a Rod with Ends Held at Constant Temperatures 


This problem consists in finding the solution of equation (20.4), with the 
boundary conditions! 


u(O, t) = A =const, u(/,t) = B= const, (22.1) 


and with the initial condition 


u(x, 0) = f(x). (22.2) 

We look for a solution in the form of a series 

TAX 
u(x, t) = S T,(t) sin —— (22.3) 
n=1 
where 

T,(t) == [" u(x, 0) sin 22 ax, (22.4) 

l Jo / 


19 The boundary conditions in this problem, and also in the problem of Sec. 23, have 
a different form from those considered previously. We show below how to deal with 
cases like these. 
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Integrating by parts twice, we obtain 


fi. lu(x, t) THX |=! | [2 du(x, t) . eT 
zt 7 |- mo el m2 ox 7 x<0 
[2 li é2u. 7mMx 
~ aa |, aaa SB 
Since u(x, t) satisfies equation (20.4) and the conditions (22.1), we have 
l l h | !Ou . Tx 
aT a, [4 — (— IB) — a*r2n2 Jo aT 
Differentiating (22.4) with respect to ¢, we obtain 
pe [i ou sin d 
n 1 Jo Ot / *s 
so that 
5T, = — [A - (-1"B] - oT 
2°" «th 2a2n2n2 
or 
, . aren 2a*mn ; 
Ti, + a In = 4 IA — (—1)"B]. (22.5) 
This equation has the solution 
T.=Ae fF ' +7428 (22.6) 


TH 


To satisfy the initial condition (22.2), we require that 


, THX 
u(x, 0) = > T,(0) sin —— = f(x). 
A calculation of the Fourier coefficients of f(x) with respect to the system 
{sin (x/1)} gives 


TUX 


A (-1"B = f° f(x) sin = a, 


TH 


T(O) = A, + 2 


and hence 


THX A — (—1)"B 
A, = a f(x) sin = dv -242 ts (22.7) 
Thus, the solution of our problem is given by the series (22.3), where the T,, 


are determined from the formulas (22.6) and (22.7). 
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23. Heat Flow in a Rod Whose Ends are at Specified 
Variable Temperatures 


In this problem, it is required to find the solution of equation (20.4), with 
the boundary conditions 


uO, = 91), ull, t) = V(r) (23.1) 
(where ¢ and vy are given), and with the initial condition 
u(x, 0) = f(x). (23.2) 


We again look for a solution in the form of a series (22.3). Repeating the 
argument of Sec. 22, we find for 7,,(t) the equation 


, , arene 2a2Ttn h 
r, + 2 T,, — 2 [p(r) _ (—1) v(t) 


which is the same as formula (22.5), except that A and B have been replaced 
bygand. Solving this equation, we obtain 


he { 


T, — A,e€ I 


(23.3) 
2a2xn — 2n?n? 


_ rope aeen® | ., 
ze PF |e FB felt) — (-1)"'YO) de 


To satisfy the condition (23.2), we require that 


u(x, 0) = > T,,(O) sin -- = f(x). 


A calculation of the Fourier coefficients of f(x) with respect to the system 
sin {(77x//1)} gives 
THX 


T.,(0) = A, = ; I’ f(x) sin ™ ay. (23.4) 


Therefore, the solution of our problem is given by the series (22.3), where 
T,, is determined from the formulas (23.3) and (23.4). 


24. Heat Flow in a Rod Whose Ends Exchange Heat Freely 
with the Surrounding Medium 


If the surface of a body exchanges heat with a surrounding gaseous 
medium, then the amount of heat flowing through an area s in the time Ar is 
given by the formula 


O = H(u — uo)s At, (24.1) 
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where u is the temperature of the body, wo is the temperature of the sur- 
rounding medium and H is aconstant called the emissivity. 

In the case of heat flow in a rod whose lateral surface is insulated, but 
whose ends exchange heat freely with the surrounding medium, a comparison 
of (20.1) and (24.1) leads to the boundary conditions 


Ou 


H(u — uo) = Ks 


for x = 0, and 
H(u — uw) = -K— 


forx =/. Setting h = A/K (h > 0), these conditions become 


= hu = u)] - 0, 

x=0 (24.2) 
+ hu — u)] =0 
Ox ° x=/ _ 


First, let us assume that uw) = 0. The boundary conditions then take the 
form 


(24.3) 


while the initial condition 1s 


u(x, 0) = f(x), (24.4) 


as before. Following our usual method, we look for particular solutions of 
equation (20.4) of the form 


u(x, t) = O(X)T(D), 


satisfying the conditions (24.3). Substituting this expression in (20.4) gives 


OT’ = a20’T, 
whence 
(:p” T’ 
ray = ar — —X — const, (24.5) 
so that 
Dp” = —)Q, 
T’ = —anxT. (24.6) 
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To satisfy the boundary conditions (24.3), we must obviously require 
that 


b'(0) — hd(0) = 0, 


'(I) + hO(I) = 0. (24.7) 


Thus, we have arrived at a boundary value problem for equation (24.6), 
with the boundary conditions (24.7). According to Sec. 5, all the eigen- 
values of this boundary value problem are positive. Therefore, we can write 
d2 instead of A; thus, instead of the equations (24.6), we obtain 


@D” + A20 = 0, (24.8) 
T’ + a*X2T = 0. (24.9) 
The solution of (24.8) is 
D(x) = C) cos Ax + C, sin Ax, 
and by (24.7), we must have 
CoA — hc, = O, 


A(— C, sin Al + C, cos A/) + h(C, cos Al + C, sin Al) = 0. 


Therefore 
Ci _ & 24.10 
nN — h ? ( . ) 
so that 
2Ah 
tan Al = x2 ye (24.11) 


The positive roots of this equation give the eigenvalues of our problem. It 
is worth pointing out that these roots are the abscissas of the points of inter- 
section (in the uA-plane) of the function uw = 2/tan A/ and the hyperbola 
w= (A2 — h2)/dA, 

Now, let 4, be the mth positive root of equation (24.11). According to 
(24.10), we can set C) = A,, C. = hh. Then, the eigenfunctions become 


D(x) = 4, COS A,X + Asin 4,x (n = 1,2,...). 
For A = 4,, the solution of equation (24.9) is 
T,(t) = A,e-@°Ant (n = 1,2,...). 
This leads to the following particular solutions of (20.4): 


u(x,t) = A,(r, COS A,X + A sin A,.x)e-oAant (n = 1,2,...). 
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This, together with (24.14), implies 


222 [ @? dx = (A + 122) — [ 0'} (24.16) 


noon 


On the other hand, it follows from the boundary conditions and (24.15) 
that 


nD? + I’? = = M + W722 


nN Nn 9 


OF 


@? = 2 (24.17) 


at both x = Oandx =/. Therefore, writing the boundary conditions in the 
form 


[o,®, — h®*],.-0 = Q, 
[D,,@; n + h®?),_; — Q, 
and using (24.17), we find that 


xe — 2hr?. 


n V0 = 


Substituting this expression in (24.16) gives 


f' 02 dy — Aut Heyl + 2h 
0 n _ y) 


Thus, instead of (24.13), we can write 


2 f, F(X)Q,, Cos A,X + A sin 4,,x) dx 
an (2 + A?) + 2h 
(n = 1,2,...). (24.18) 


Next, we consider the case where the end of the rod at x = 0 exchanges 
heat with a medium at the temperature uo, while the end of the rod at x = / 
exchanges heat with a medium at the temperature u,;. This problem can be 
reduced to the problem just solved by making the substitution 


u=v-+ NW, 
where the function v = v(x) depends only on x and satisfies the equation 
vp” = 0, (24.19) 
with the boundary conditions 
[v' — h(v — up)],-9 = 0, [v’ + hv — u,)],-, = 9, (24.20) 
while w satisfies the equation 


Ow , O02 yy 


Ot x2” 
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with the boundary conditions 


and the initial condition 
w(x, 0) = f(x) — v(x). 
According to (24.19), the function v = v(x) has the form 
v = Ax + B, 


where the constants A and B are determined from the conditions (24.20). 
This leads to the system of equations 


A — h(B — uo) = 0, 
A+ h(Al + B— u,) = 0, 


which can be solved very easily. Then, the boundary value problem for w 
is of the type discussed above. 


25. Heat Flow in an Infinite Rod 


In the case of an infinite rod, there are no boundary conditions, and the 
problem reduces to finding a solution of equation (20.4) which is defined for 
all x and t > 0, and satisfies the initial condition 


u(x, 0) = f(x) (—co <x < ©). (25.1) 
As usual, we look for particular solutions of the form 
u(x, t) = D(x)T(t). 


Substituting this expression in (20.4) gives 


OT’ = a2O’T, 
whence 
(D” T’ 
= T= 22 = 
© OT d const, (25.2) 
so that 
(D” + 22M = 0, (25.3) 


T’ + aT = 0. (25.4) 
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These equations have the solutions 
M(x) = C, cos Ax + C> sin Ax, 
T(t) = C3e-a°*1, 
Therefore, the required particular solutions can be written in the form?! 
u(x, t; A) = (A cos Ax + B sin Ax)e-4*A"", 


The constants A and B, being arbitrary, can be regarded as values of 
functions A = A(A) and B= BA). It will be recalled that for discrete 
values of A (as in the case of a finite rod), we formed an infinite series of 
particular solutions, and we then chose the coefficients of the series in such a 
way as to obtain a solution satisfying the initial condition. In the present 
Case, A varies continuously, and we set 


u(x, ft) in u(x, t; A) da 


| (A(X) cos AX + B(A) sin Ax)en222" dh. (25.5) 
0 


If we can differentiate this function behind the integral sign (once with respect 
to t and twice with respect to x), then the function u(x, t) will be a solution of 
equation (20.4). In fact, we then have 


Ou » Oru 00 ia t; du(x, t; A) 0 O2u(x, t; A) 
or * Bxa =|. dn — a | Ox? an 
00 os 1 t;A) 92 Us t; N\ 4 _o 
7 =| a —sy3 | 4 


To satisfy the initial condition, we require that 
u(x, 0) = \~ (A(A) cos Ax + BA) sin Ax) dk = f(X). 
0 


This will be the case if we require that f(x) can be represented as a Fourier 
integral (see Ch. 7, Sec. 5), a sufficient condition for which is that f(x) be a 
piecewise smooth and absolutely integrable function on the whole x-axis. 
With these assumptions 


A(h) = - \~ fv) cos dv dv, 
~ (25.6) 
BQ) = = \~ flv) sin dv do 


[see equations (5.5) to (5.7) of Ch. 7]. 


21 If we chose the constant to be positive in (25.2), then the exponential factor which 
falls off as tf increases would be replaced by an exponential factor which increases without 
limit as ¢ increases, contrary to the physical meaning of the problem. 
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For such A(A) and B(A), the integral (25.5) can be differentiated behind the 
integral sign any number of times with respect to x and ¢t. In fact, because 
of the presence of the factor e-@?4*' in the integrand of (25.5) and because of 
the inequalities 


i 


AO) < = J” [FW] dv = 


C (C = const), 


| 


BO)! < =f" [f(w)| do 


the integral (25.5) and the integrals obtained from it by differentiating the 
integrand any number of times with respect to x and ¢ are uniformly 
convergent fort > to > O(where fp > Oisarbitrary). This follows from the 
inequalities 


|(A(A) cos Ax + B(A) sin Ax)|e-@?4*" < 2Ce-a**t < 2Ce-a*to, 


gn on 9 
= [((A(A) cos Ax + BA) sin Ax)e7@"4] 


< 2C)ne-a?h21 < 2CAIe-27 19, 
gm 


am [(A(A) cos Ax + BCA) sin Ax)e~a2A2r) 


< 2Cq2m)2m e-a7h2t < 2Ca2m)2me—a"r 19, 


and the fact that the majorizing functions on the right are integrable in A 
from 0 to o. Thus, we need only apply Theorems 4 and 3 of Ch. 7, Sec. 6. 
It should be noted that although our argument shows that u(x, f) is a solution 
of equation (20.4), it does not show that 


lim u(x, t) = f(x). 


However, this relation is true and can easily be proved. 
Using (25.6), we can rewrite the solution of our problem as 


l oO 959 
u(x, t) = — | dr | ” f(v) cos Mx — ve?" dy, (25.7) 
Te YQ —OO 
To further transform this expression, we begin by proving that it is possible 
to change the order of integration. To show this, we note first that for every 
ce > Q 
oO 9 0 9.9 
| cos A(x — v)e-a°X* an < | e-art da ce 
! ! 


for sufficiently large / (where t > 0 is fixed). Therefore 


] fo 00 on 9 € oo 
F \- dv } fv) cos A(x — v)en4arr-t a < 7 i- | f(v)| dv, 
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from which it follows that the integral in the left-hand side converges to zero 
as /— oo. But then 


. iZ dv \ f(v) cos A(x — vena?" di 


lim = - "de {. flv) cos Ax — v)ena22 d) 


lim — | aa ‘anf flv) cos Mx — vet dy = u(x, 2) 
]—>oao TT 


[see (25.7)].. Here the change in order of integration is legitimate, because 
the integral 


{~ f(v) cos A(x — v)e-2?h** dv 


is uniformly convergent in A forO <> < /. This follows from the fact that 
the integrand is dominated by | f(v)| (see Theorems 4 and 2 of Ch. 7, Sec. 6). 
Thus, we can write 


u(x, t) = -[" flv) dv \ cos Mx — vena da, (25.8) 


instead of (25.7). It turns out that the inner integral can be evaluated. In 
fact, set 


av t = z, Mx — v) = wz 


so that 
dz xX —v 
dir =— —)? 
av t YW 
Then we have 
00 ] 00 l 
Mx — v)e~2?* dx, = —— -22 cos uz dz = —=I(u). = (25.9 
[° cos x(x — v)e 7 |, es? cose dz = —- My). (25.9) 


Differentiation with respect to uw behind the integral sign gives 
(0.6) 
I’(u) = — e-2* 7 sin wz dz; 
(.) j u 


this differentiation is legitimate because the resulting integral is uniformly 
convergent in uw. 
We now mee by parts, obtaining 
UL 


I'(u) = 5 fe? sin uzfo — 5 es cos uzdz = — 5 Mu). 


310 THE EIGENFUNCTION METHOD AND ITS APPLICATIONS CHAP. 9 


It follows that 
I() = Ce #*/4, 
To find C, we set u = 0. This gives 
C = 0) = | © en 2 dz, 
0 


an integral which, as we know, equals 4V’7 (see Ch. 8, Sec. 8). Therefore 
I(u) = AV 7 e-#/4, 
and by (25.9) 


\. cos A(x — v)e-e*t dh = — 5 Va e~ ao 
Substituting this expression in (25.8), we finally find 
\ “a d 25.10 
e 4a% dy, , 
u(x, 1) = 2a Va Te we ( 


On the one hand, formula (25.10) shows that as ¢ increases, u(x, t) > 0, 

e., the heat “spreads out” along the rod. On the other hand, (25.10) 

shows that the heat is “‘transmitted”’ instantaneously along the rod. In fact, 

let the initial temperature be positive for x9 < v < x, and zero outside this 

interval. Then the subsequent distribution of temperature is given by the 
formula 


] (xv)? 
4a2r 
2aV rt foe nO 


u(x, t) = 


from which it is clear that u(x, t) > O for arbitrarily small ¢ > 0 and arbi- 
trarily large x. 


26. Heat Flow in a Circular Cylinder Whose Surface is Insulated 


Let the axis of a circular cylinder of radius / be directed along the z-axis, 
and let its ends be insulated (or let the length of the cylinder be infinite). 
Suppose that the initial temperature distribution and the boundary conditions 
are independent of z. Then, it can be shown that the equation for heat flow is 


2 2 
Ou. 2 (= u 4 ;) (26.1) 


ot Ox2 " dy2)° 


Where a? = K/co, K is the conductivity of the material from which the rod 
is made, c 1s its heat capacity, and o its density. Thus, the temperature is 
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independent of z (a fact which is of course a consequence of the assumptions 
just made), and we are essentially dealing with a problem in the plane. If 
we go over to polar coordinates by setting x = rcos0, y = rsin 0, then, 
instead of equation (26.1), we obtain 


au ja (Ou, Lau, Lom 
Ct Or2 or Or — r2 G02 


We now assume further that the initial and boundary conditions are 
independent of 8. Then, obviously u is a function only of r and t, and the 
heat flow equation takes the form 


Ou 02u l ou 
— — g2{__ _ —_}. 
na @ (Sat 5S) (26.2) 


We also assume that the surface of the cylinder is insulated from the sur- 
rounding mediun,, 1.e., 


oul) _ 9 (26.3) 
or 


(absence of heat flow), and that the initial temperature distribution is given 
by the condition 


u(r, 0) = f(r). (26.4) 
We look for particular solutions of the form 
u(r, t) = R(r)T(t). 


Substituting this expression in (16.2) gives 


RT’ = a? (RT + - RT); 


whence 
R" + (/r)R’ T 42 
rs = mT = i —— const, 
so that 
R" + ~R + 22R = 0, (26.5) 
T’ + a*d2T = 0. (26.6) 


Equation (26.5) is the parametric form of Bessel’s equation, with index 
p = 0 (see Ch. 8, Sec. 11). Its general solution is 


R(r) = C,Jo(ar) + C2 Yo(ar). 
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Since Yo(Ar)—> co as r->0O, we have to set C, = 0. Taking C,; = 1, we 
find from the boundary condition (26.3) that 

JA) = 0. 


Therefore, uw = X/ is the mth positive root of the equation J(u) = 0. We 
write 


_ Hn, 
m= 


R,{r) — Joan) — Jo (") (1 = 1,2,.. )s 


where u,, = A,/ is the mth positive zero of the function Jo(u). Setting 
d = i, In equation (26.6), we find 
T,(t) = A,e74?2né (n = 1,2,...). (26.7) 


Thus, for equation (26.2), subject to the condition (26.3), we have found 
particular solutions of the form 


u(r, t) = A,Jo(A,re-27an! (n = 1,2,...). (26.8) 


We now form the series 
u(r, t) = > AoA neat, (26.9) 
n=1 
and to satisfy the initial condition (26.4), we require that 


u(r, 0) = > Aployr) = £00. (26.10) 
n=] 


A calculation of the Fourier coefficients of f(r) with respect to the system 
{Jo(A,r)} gives 


2 
An = Ta f. rf()Jo(r,r) dr (n = 1,2...) (26.11) 


(see Ch. 8, Sec. 24). Therefore, the solution of our problem is given by the 
series (26.9), where the coefficients A,, are determined from the formula 
(26.11). 


27. Heat Flow in a Circular Cylinder Whose Surface Exchanges 
Heat with the Surrounding Medium 


This problem reduces to solving equation (26.2) with the boundary 
condition 


anh Ds. hull, ) = (27.1) 
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and with the previous initial condition 


u(r, 0) = f(r). (27.2) 


Repeating the argument of Sec. 26, we again obtain equations (26.5) and 
(26.6), and we again find that 


R(r) = Jo(ar). 
The condition (27.1) gives 
AJ (AL) + AJ (Al) = 0 
or 
AMI AL) + AlJo(al) = 0. 


Therefore, the number up = A/ must be a root of the equation 


uJ o(u) + AlJo(u) = 0. (27.3) 
We now write 
— Un. 
dy = 


R,(r) = Jo(Agr) = Io (*") (n = 1,2,...) 


where u, is the mth positive root of equation (27.3). For A =i, 
(n = 1,2,...), the solution of equation (26.6) is given by (26.7), and (26.8) 
gives particular solutions of (26.2) satisfying the condition (27.1). We again 
form the series (26.9) and require that the relation (26.10) be satisfied. A 
calculation of the Fourier coefficients of f(r) with respect to the system 
{Jo(A,r)} leads to the formula 


2 l 
A, = sooo dO) J An) (27.4) 

PUT) + Tul J, Pov 
(see Ch. 8, Sec. 24). Thus, the solution of equation (26.2), subject to the 
conditions (27.1) and (27.2), is given by the series (26.9), where the coefficients 


are determined from (27.4), and the numbers u,, are the roots of equation 
(27.3). 


28. Steady-State Heat Flow in a Circular Cylinder 


We now assume that a constant temperature is maintained on the surface 
of the cylinder, and that the distribution of temperature is independent of z. 
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Then after a sufficiently long interval of time, a definite temperature is 
established at every point of the cylinder, 1.e., the function wu ceases to 
depend on ¢. Thus, instead of equation (26.1), we have 


02u O2u 


axe + 32 © 


or in polar coordinates 


O2u 1 Ou 1 o2u 
wptr7et pm? (28.1) 


Let the temperature on the boundary be specified by the condition 
u(/, 0) = f(0), (28.2) 
and look for particular solutions of the form 
u(r, 9) = R(r)®(0). 


Substituting this expression in (28.1) gives 


R’D + l R@ + £ RO" = 0, 
r r 


whence 
_R'+ U/R _ OP" ya 
(I/r2)R => = A2 = const, (28.3) 
so that 
r2R" + rR’ — 2R = 0, (28.4) 
DO” + 220 = 0. (28.5) 


The solution of (28.5) is 
@O(0) = Acos A0 + Bsin 20. 


It follows from the physical meaning of the problem that the function 
@(9) must have period 2x, and hence A must be an integer. (Incidentally, 
we note that ®(8) would not have been periodic if we had taken the constant 
in (28.3) to be positive.) Thus, we write 


M (9) = A,, cos nO + B, sin nO (n = 0,1, 2,...). (28.6) 
For A = n, equation (28.4) takes the form 
r2R" + rR’ — n2R = 0, (28.7) 


which is a second order linear differential equation. It can be verified by 
direct substitution that the functions r" and r-" satisfy this equation. There- 
fore, for n > 0, the general solution of (28.7) 1s 


R, = Cr” + D,r-". (28.8) 
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Since r-”—> co as r> 0, we have to set D, = 0. For n = 0, we easily find 
that 

Ro = Co + Do ins, (28.9) 


and hence we must again take Dy) = 0. Using (28.6), (28.8), (28.9), and the 
conditions D, = 0 (n = 0, 1, 2,...), we can write the particular solutions of 
(28.1) as 

u,(r, 9) = (a, cos nO + B, sin nO)r7 (1 = 1,2,...), 
*0, 


2 


We now form the series 


Un = 


_ Ko = : h 
u(r, 0) = > + 2 (x, cos n0 + 6, sin nO)r’, 
and to satisfy the boundary condition (28.2), we require that 


u(l, 0) = > + > (a, cos nO + 8, sin n6)/" = (0). 


n=] 


A calculation of the Fourier coefficients of f(0) gives 


a1" = ~ [7 F(8) cos nO dO = a, (n = 0,1, 2,...), 
l fz , 
wae - | f@)sinnddd=b, (n=1,2,...), 
so that 
on — Pn, 
Xn 7 GC, — jn 
Therefore 


u(r, 9) = S + > (a, cos nO + b, sin 10) 3)" (28.10) 
n=l 
For r < /, this series can be differentiated term by term any number of times 
with respect to r and 9, since each resulting series is uniformly convergent for 
O <r < ro, where ro < /1s arbitrary. It follows that (28.10) actually gives 
the solution of equation (28.1). 
This solution can be given a more compact form if we use the Poisson 
integral (see Ch. 6, Sec. 7). Then we have 
— 1 os 1 — (r/l)? 
u(r, 9) = 27 [£0 1 — 2(r/l) cos (t — 9) + (r/l)? at 
or 
]2 — /2 


l fr 
u(r, 9) = 27 [" £0 [2 — 2ir cos (t — 0) + r2 at. 


316 THE EIGENFUNCTION METHOD AND ITS APPLICATIONS CHAP. 9 


Moreover 
lim u(r, 9) = f(Q) 
r—Tl 


wherever /f(0) is continuous, i.e., the solution just written satisfies the 
boundary condition (28.2). 


PROBLEMS 


1. Find the eigenvalues and normalized eigenfunctions of the differential 
equation ®”’(x) + AP(x) = 0 on the interval [0, 1], subject to the following 
boundary conditions: 

a) (0) = P11) = 0; 

b) (0) = ®(1) = 0; 

c) (0) = O11) + AD’) = O. 


2. Consider a string of length /, tension 7 and linear density e, fastened at the 
points x = 0 and x =/. Suppose that at time ¢ = 0, the point x =c 
(0 < c < /) 1s displaced by an amount h/ and then released (the “plucked 
string’’). Write the initial conditions and find the subsequent motion of the 
string. 


3. Consider a string of length 2/, tension 7 and linear density op, fastened at the 
points x = +7. Let the initial position of the string be a parabola which is 
symmetric with respect to the center of the string, with maximum initial dis- 
placement equal to hf, and let the initial velocity of the string be zero. Write 


the initial conditions and find the subsequent motion of the string. 


4. Consider a string of length 2/, tension T and linear density 9, fastened at the 
points x = + /. Suppose that at time ¢ = 0, the string receives an impulse of 


magnitude P at its midpoint. Find the subsequent motion of the string. 
Hint. Solve the problem with the initial conditions 


u(x, 0) = 0, 
Ou(x, 0) _ Fe for |x| < «, 
— = 

O fore < |x| </, 


and then pass to the limit «— 0. 


5. Consider a string of length /, tension 7 and density 9, fastened at the points 
x = Oand x =/. Let the string be initially at rest in its equilibrium position. 
Suppose the section of the string between x, and x, (0 < x; < x» < J) is acted 
upon by a periodic perturbing force F(x, tf) = eA sin wt (see Sec. 13). Find the 
Subsequent motion of the string. Verify that when x; = 0, x» = /, the answer 
reduces to formula (13.8). 


6. Let a concentrated periodic perturbing force F = A sinwfr act upon the 
point x = c of the string of Prob. 5. Find the subsequent motion of the string. 
Hint. Pass to the limit x; — c, x» —>c in Prob. 5S. 
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7. Consider a rod of length /, Young’s modulus E, cross section s and density o, 
fastened at the end x = 0. Suppose that the rod is stretched by a force F acting 
on the end x = /, and then is suddenly released at time ¢ = 0. Write the initial 
conditions and find the subsequent longitudinal vibrations of the rod. 

Hint. The amount by which the rod is initially stretched is F//Es. 


8. Let the free end of the rod of Prob. 7 receive a sudden impulse P at time 
f=0Q. Find the subsequent longitudinal vibrations of the rod. 
Hint. Solve the problem with the initial conditions 


u(x, 0) = 0, 
au(x, 0) _ ° forO <x</-—e, 
or (tél fori/-—-ex<x<i, 
EPS 


and then pass to the limit « > 0. 


9. Suppose the free end of the rod of Prob. 7 is acted upon by a periodic per- 
turbing force A.sin wf. Find the subsequent longitudinal vibrations of the rod, 
assuming that the rod 1s initially at rest. 


10. Find the linear combinations of the modes u,3 and w3, of a rectangular 
membrane corresponding to the nodal lines of Fig. 51(c) of Sec. 17. Write the 
equation of the “nodal ring’ indicated by the fourth sketch in Fig. S5l(c). Is 
this curve actually a circle? 


11. Consider a circular membrane of radius /, tension T and density per unit 
area. Find the radial vibrations of the membrane if it receives a sudden impulse 
P at time ¢ = 0 distributed over the circle r < e, assuming that the membrane is 
originally at rest in its equilibrium position. 

Hint. Solve the problem with the initial conditions 


u(r, 0) = 0, 


u(r,0) _ Jz for0<r<e, 
on a 


fore<r«<l. 


12. Find the radial vibrations of the membrane of Prob. 11 if it is acted upon by 
a periodic perturbing force F = A sin wf per unit area, uniformly distributed 
over the entire membrane, assuming that at time ¢ = 0 the membrane is at rest 
in its equilibrium position. 


13. Consider an infinite slab of width 2/ bounded by the planes x = + /, made 
of material with thermal conductivity K, specific heat c and density pe. The slab 
is first heated to temperature 7o and then at time ¢ = 0, its faces are held at zero 
temperature. Find the subsequent temperature distribution in the slab. 


14. Let the slab of Prob. 13 have an initial temperature distribution u(x, 0) = 
f(x). Find the subsequent temperature distribution if starting from time 
t = 0, the slab exchanges heat freely with the surrounding medium which is at 
zero temperature. (Let the emissivity of the slab be H (see Sec. 24.)) 
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15. Find the steady-state temperature distribution in an infinite rectangular 
prism bounded by the planes x = 0, x = a, y = 0, y = b, if the faces formed by 
the planes x = 0, x = a, y = O are at zero temperature, while the face formed 
by the plane y = b has the temperature distribution u(x, b) = f(x), where 
O<x <a. (Drawa figure.) Specialize the answer to the case f(x) = 7p. 


ANSWERS 
TO PROBLEMS 


CHAPTER | 
eat — ean 
1. a) eax = ——— + >A To J , (a cos mx — nSsin nx)| 
(—t™< x <7); 
2. , A COS NX 
b) cos ax = 2 sin an |= + Do (- "Te ea (-r <x <n); 


2. = nsin nx 
C) sinax = —sinan 2 (—1)" a2 2 (—m <x <n); - 
d) a=~a _ cosum — I ~(-)yr-1! 
0 2% n21 n 
Tv 2 sin 2x 2 
x) =--—-cosx + sinx — ——~— =~ cos 3x 
I(x) 4 71 + 2 Or 
sin3x sin4x 
— ——_ +... (—t < x < zn) 


3 4 


3. a) cosh ax = * sinh an 5 -{- S (— 5 COS nx| 
TT 


n= 1 


are: 


(-—7™ <x <n), 


2 
b) sinh ax = - ~ sinh ag [S: (—1)7-! ane sin nx] (—nr <x < 7). 


n=l 


l1 — cosan — cos 2nx 
; = ————_— |] 2a —_ 
4. a) sin ax ~ +- 2. 2 | 


1+ cosam ~— cos (2n + 1)x 
2 az — (2n + 1)4 
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+ 2a (O<x<n); 


TT 
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(What happens when a is an integer ?) 


b) f(x) = = ; + > = COS nx] (OO< x <7), 


n=] 


except for the value x = /1, where the sum equals 1/2. (Why ?) 


Cc) I(x) = 2h F + > (Ee) cos nx (OO<x <x). 


n=1 


5a) f(x) = sin >) (— I" si nlx oc 


arn 


except for the value x = //2, where the sum equals 1/2; 


_ 4 << ncos(nz/2) . nex 

b)  f(xyy= ar 
=< (; in =X _ SF in eX y S in =X _..) 
=F 3 In ] 15> 7 35 S! j 


except for the value x = //2, where the sum equals 0. 


COS eet 


6 fix) = 4 [ES ery eee) 


n= ] 


] (2m-(&/n) 


1 (27 Tt 
7. Qn = = \, T(x) cos nx dx r= + ‘ cos nt at 


Tj J —7/n 


2Tt , 
--- r(= + ‘ cos nt dt. 
™ JO0 n 
Hence 
1 2m 71 
an = 57 in {£@) — f( + x) cos nx dx, 
so that 
CT 
la,| < = an [OM f(x) - f(= + x) |cos nx| dx < e 
8 <= nsin 2nx 
8. a) COS ae-T 


b) x3 = 2x? S (— pr TA Sin x 4.42 S (— jn DO sin? NX 


n=l n= 1 
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CHAPTER 2 


3. By the Cauchy inequality 


lag + ayx +++ + a,x") < (aR +--+ + ay V2 + x2 $0) fF x2nyl2 


| — -2n+2\ 1/2 | 


Now integrate. 


32 | 


4. Use the Schwarz inequality with one function equal to {1 + e’1* + +--+ eimnx| 


and the other equal to 1. 


5. Use the Schwarz inequality. 


7. Suppose g(x) 1s orthogonal to all the 9;(x), and let P,(x) = a,po(x) +--- 


+ a,9,(x) be such that 


[° tee) — P,P ax < 1 


Then |g|2 + |P,,|/2 < 1/n, so that ||g|/2 = 0,i.e., e(x) = 0, since g(x) is continuous. 


8. a) No orthogonal function exists, since if g were such a function and if 


b 
C, = | , &(x)9,(x) dx, 


then O=co tc, =Co tC. =Co +t C3 ="°°7—= 1.e., —Co = Cy = C2 =°°? 


9 


which violates Bessel’s inequality (Sec. 6) unless all the c; are zero; b) No 
orthogonal function exists, by a similar proof; c) An orthogonal function g 


exists. In fact, consider the continuous function 


ex) = > (1 5 pul) 


n=Q 
9. a) If g = an?o +--+ + G,9,, 1S zero, then 


QO = |e ||? = lao|7(o, Po) Feet lan|@ns Pn)s 


1.€., Ag = ay =-+:: =a, = O [for the definition of (9, %), see Prob. 10 and 
Ch. 2, Sec. 10]; b) A polynomial of degree 1 has at most » real zeros, unless 


it vanishes identically. 


11. Use repeated integration by parts. 


No 


ee ) 4n = 1)(2n — 2)! | 
12. a) + 2, (— 1) Fim Kn SP 20-10) 


I = , 4n + DQn — 2)! 
b) 7 2 (—1) 2n(n— Din + 1! P>,(x). 
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CHAPTER 3 


2. a) Neither limit exists; b) f.(0) = 0, f’(0+) does not exist; 
c) f+ (0) = f(0O+) = 0. 
3. This follows from (6.3) just as in the proof of Sec. 6. 


4 — |" |a(x)| <x fo [lls — Dg(t)| dtd 
an J0 me «SS On 0 2nJ0 (x & * 


- = in le(1)| (5 in f(x — 1) dx) dt 


] 27 |: 27 
= 5 fq el (5 |, Leo) ax) ae 
Moreover, we have 


QT 
Cy, J 5 e—xh(x) dx 


~ On. 


*2TT TT 
= = I, g(t) (5 [. e—'"xf(x — ft) dx) dt 


| 


2m 1 fen, ; , 
se ba 8 (se fy ems du)emine de = aby 


1° @) 16 @) 
>, lanl? < ©, > |b,|? < 00, 


n=1 n=] 


then 


oO 
> land | <0 


n= 1 
by the Cauchy inequality (see Ch. 2, Prob. 2). 
6. We have 


i< b 
5 > 0, [ (1 + cos 27x cos 28, — sin 2x sin 26,,) dx < M(b — a). 


n=! 


It follows from (2.9) that 


— 
| [. (cos 27x cos 20, — sin 2x sin 26,) dx| < 5 : a 


ifn > N, Le., 


b 
[. (1 + cos 21x cos 26, — sin nx sin 26,) dx > D > 


if 7 => N. Therefore 


1S b-a < 
_ o, < M(b— a), so that 0, < 4M. 
2 2. - 2 
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7. a) The formula 
x 


5 + s(x) = I, D,,() dt 


follows from equations (3.2) and (4.1) after some manipulation: 
b) If 


SIN WX 


] 
* s — — -_— a — 
D(x) = D,x) 5 COS Nx = Ttan (x) Cx)’ 


then 


“y 
cos nt dt—>0 


Nol — 
° 


|, (Du) — D&() dt = 


as n—> 0 (why?). Moreover 


‘~~ (sin net sk _ ae | l i | 
in , — Duo) ar = |) (7 = 500t$) sin ne dr +0 


as n—> oO. (Why?) 
Thus 


* sin at 


[bund [a 


where w,(x) > 0 as n> ©. 


*< sin nt T 
Cc) ao dt = 5 follows from b) when 1 —> ©. 


8. Use preceding problem. The inequality can be derived by inspecting the area 
under the curve y = sin ¢/t. 


CHAPTER 4 


1. a) x 4 2kn; b) for all x; c) x # 2kn. 

. For x # 2kn. No. 

. a) x 4 (2k + ‘1)n; +b) x F 2kn; c) for all x; d) for all x. 

. a), b) for x 4 (2k + Ix; c) for x 4 2kn/3; d) for x # (2k + I)r/2. 


. a) sin (cos x) cosh (sin x); b) cos (cos x) sinh (sin x). 


JI A fh WH WN 


. a) cos (cos x) cosh (sin x); b) sin (cos x) sinh (sin_x). 


8. a) (1 + cos x) In (2 cos 4 + 5 sin x; 


a= 


b) 5 (1+ cos x) ~ sin x In (2.¢0s 3] (—m <x < 7). 
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l 


9. a) 5) 


l 
sin x — q COS x; 


Nol x 


b) sin x log (2 cos 3} — ; sin x (-n <x <n). 


x I l 
10. a) cos x In (2 COs 4 — ZOOS X — 53 
x I, 
b) 5 COSX + 7 Sin x (-—r <x < nm). 


p 
. Xx COS NX . ™—X 
11. a) COS px in (2 sin 4 + > oo8 1 + sin px | 5 — 


m= | 


Pp . 
™— xX sin nx . x 
b) COS px | an > . | + sin px In (2 sin 4 + 


n= 1 


(0 < x < 2n). 
12. Use Abel’s lemma (Sec. 1). 
13. Imitate the proof of Abel’s lemma. 


14. Assume that 0 < x9 < x. Since cos*8 < |cos 0], we have 


(oo) 
> |a,| COS? nxXg < ©. 


n=] 
But 2 cos? nxp = 1 + cos 2nxo9, and by Theorem 1 of Sec. 3, 
CO 
> la,,| COS 2nxg < ©. 
n=l 


Therefore, the series 


CHAPTER 5 
96° 
(-I)rth oS ae 
c) >) yt = 2, (2n + 1)4 7 2 (2n)* 


n= | 


1. a) 90) 


90 24-96 23040’ 
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T l J 
® 945° © 960 560" I) x (55 - 5-595} 


13 


73 T 
2. a) 12’ b) 1?’ c) a 


3. By making the odd extension of f(x) onto the interval [—7=, 0], we obtain an 
odd function F(x) with equal (zero) values at the end points of the interval [— 7, ]. 
Moreover, F(x) 1s obviously an even differentiable function, F’(x) is an odd func- 
tion which again has equal (zero) values at the end points of the interval [— 7x, 7], 
and F’’’(x) is a continuous even function. Therefore, F(x) and its first three 
derivatives can be extended continuously over the whole x-axis, with F’(x) a 
smooth function. But we Know that the Fourier coefficients of a continuous 
function and those of its derivative are related by the formulas 


b;, a; 
a,=- 7-™ b = — 
m M nN 
[see (8.3)]. Therefore, in our case 
p = oe _ On 
a n n 


Moreover, for a smooth function, the sum of the squares of the absolute values of 
the Fourier coefficients converges (Ch. 3, Sec. 10). Since 


co co 


> [bal — > n?|b,l, 


n= 1 n= | 


it follows that the last series converges. This in turn implies the uniform conver- 
gence of the series obtained by one or two term by term differentiations of the 
original series, and the uniform convergence of these series guarantees that the 
term by term differentiation is legitimate. 


[x # (2k + 1)r]. 


cosmx  sinnx 
n+l nz 


4. f= - 54 > | —jjiti 
n=! 


5 f'o = S (—1) COS NX | 


n=! 


, I = cos nx 
6. a) PW=-5- Dd BG 
n=l! 
, I COS nx 
DFO = 9975 2 SHI 
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7. F(x) = c,; coSx + coSinx + 4 (OO<x <7), 
where 
— | 1/1 1 
_=?7 — _— , 
“1 2 n2— J r Q~ 77 SHE 2 (; —1 ant ) 
_ TT 
C2 5) 


8. a) (In each case f(x) denotes the sum of the series.) 


f(x) 


| 
[48 


] ] 
(- + > + ;) sin nx 


1e.@) ° 
T— xX SIN AX 
= + Da (0 < x < 2n) 


n=l 


[see formula (2) of Sec. 12.] 


~™—x — sin nx 
b) fx) = —- - 2. iat + 1) (0< x <7). 


Cc) f(x) = -— In (2 sin | — = (3x2 — 6nx + 2x7) 
5 — cos nx 72). 
+a 2, mn + a) (0 < x < 2n); 


CO 


d) fix) = 5 ~ a [in (2.085 5) die + a > 
n=\1 


(—1)"+! sin nx 
n(n + a) 


(—t <x < nm); 


- x 3x2 (— 1)"*! cos nx 
e) S(x) = In (2 COs 4 + —— a> n(n + a) + a) 


(-—n <x <7); 
f) f(x) =F + Qa - |, In tan > dx 


_ 1) S _sin(2n + Ix 
+ (2a — 1) 2 Gea O<*< 


g) f(x) = —In tan 5 + Ce Wns =) 


— COs (2n + 1)x 
+Ca-IP > ara DXreay O<*<7) 
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9. Use Theorem 1 of Sec. 3. 
10. Use Theorem 1 of Sec. 8 and equation (3.1). 


11. To derive formula (I), use formula (3.1). Then, substitute A = 7/2N in 
formula (1). 


12. a) Set N = 2* and apply the last part of the preceding problem, keeping only 
terms with index nm > N/2. (For such terms, sin? (mm/2N) > 4.) 


b) Use the Cauchy inequality (Ch. 2, Prob. 2); 


c) Sum the inequalities b) with respect to k. 


CHAPTER 6 


1. a) K(x) =0 for-xn<x<n,x0; 


b) fix) = 5 cot 3 for -rt<x<nx #0. 


2 
4.a) c=4;b) c= EG the series converges. 
5 1 1+ 2p3cosx — 3p? 


2(1 — 2p cos x + p2)? 


7. a) #; b) 0; c) 4; d) Not summable by arithmetic means, but Abel-summable 
to 0; e) Not summable by arithmetic means, but Abel-summable to 4. 


8. Use the relation s, = (7 + 1)o,41 — Nop. 


9. a) Use the relation ¢, = (7 + 1)s, — (2 + 16,41; b) This follows from a) 
and the theorem of Sec. 2. 


CHAPTER 7 
4.a) QA) = V2/r —— —— qi 5) = PQ) = V2/r = a 
c) 00) = V2) A cos 5 — sin. d) = ®Q) = V2/x ee 
6.a) f(x) = = S08 b) f(x) = <=. a 


ce) f(x) = (az + xe 


7. Imitate proofs for the discrete case (Ch. 3, Prob. 4). 
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0 for x < 0, 
xe-* forx 20; 


8. b) h(x) = { 


0 for x < QO, 
_ Jt forO< x <1, 
d) h(x) = —4(x3 — 6x + 4) forl <x < 2, 
0 for x > 2. 


0 for x < 0, 
9. a) f(x) = {xe for x > 0; 
b) f(x) = e—!xl 
CHAPTER 8 


1. Setting p = 2, we reduce the equation to the form (2.2). Then, the substitution 
u = xy [see (2.1)] reduces the equation to the following Bessel’s equation: 


It follows at once that 


y = 5 (CiJo(x) + Cr ¥X(x)). 


2. p (24) - Sa. 55 r (5) 


2 2 2 2 
_ (2n — 1)Qn = 3)---5-3-] Vx 
(see Sec. 3). 
3. (x) = Bsin (x +B), ed) 


Vx xV x 
where B = const, 8 = const and p(x) is bounded as x > ©. 


, A SI 

4. s%x) = ASN + 8) | Ae) 
Vx xV x 

where A and w are the same constants as in the asymptotic expression for J,(x), 

and +(x) 1s bounded as x > ©. 


> 


6. Use formula (7.1). 
9. Use the preceding problem and formula (2.9) of Ch. 3. 
10. We have 


2 [ 
C, = 7 x-PHI] Ox) dx, 
T541OAn) Jo pOnX) 


J 


1 
\ x J (rnx)dx \gPre 


An 
{ t—Ptly (t) dt. 
0 


ANSWERS TO PROBLEMS 
Replacing p by p — 1 in formula (7.2), we obtain 


d 
i [Petty (O) = ~— 1 Pt (2). 


Therefore 
r 
ni org (=A, 4 l 
[PTO de = (PS ONL! = 8p An) — SES 

{see (4.3)], and hence 

c= 2 J 10) _ l 

7 B+ 1On) A Ay P+22P-1T(p) 
1] C = And pHi) 

"MI FOR) + On — p?)I5On) 

The series converges to x? if p => —4,p > H. 

J3(A,,x/2) 

3— 
12 x3 = 16 > JAN) 
forO0 < x < 2. 
CHAPTER 9 
In Problems 2 to 6, a2 = T/p. 
2h_ i? sin smn tore! oi nat 
2. u(x, t) = mol a 0) > —- ~ cos 7 
32h (= 1)" _ on + | 2n + | 
3. u(x, t) = aD @ On rn n+ 13 °° a7 7 BXCOS — Tat. 
— 4P cos (2n + L)nx/2l . 2n + 1 
4. u(x, 1) = Tap 2, 2n+ 1 a 
_ 2A — ATX] NTX2\ . NTX w SIN w,f — w, SIN wr 

5. u(x, t) = ~ 2 (cos j COS j j —a,la— ot) 


where w, = nra/l. 


2A 
6. u(x, 1) = ol 


In Problems 7 to 9, a2 = E/p. 


.e. 6) ° . 
. MTC . NTX wW SIN o,f — oO, SIN wf 
> in —— sin ——-————_+,—__——_— 
l l Wn(wo? — a?) 


n=! 


(—l)" | ot l 2n+ | 
COs Tv 


7. u(x, 1) = IE; ea,  (2n + Qn + 2” ab 2! 


329 


330 ANSWERS TO PROBLEMS 


2A S (— 1) O2att sin ot — @ SiN @rngit 20 + | 
pls A. O2n4¢O2"n¢1 — ©) al 


10. 13, U3,, Up3 — M31, Uy3 + 43,. The nodal ring has the equation 
cos 2nx + cos 2ny + 1 = 0, 
and is not quite circular. 
2P  Jy(upe/2) ( ) . upct 
11. u(r, t) = ——— Jy tu, =} sin ——> 
0) TmEOC 2 Und (Un) oye 
where yu, is the nth positive root of the equation Jo(u) = 0 and c2 = T/p. 


2A — wSinw,t — w, Sin wf _ Jolnr/!) 
12. u(r, t) = — —__7 an 
HD = FL, oa? — oF) dnd (Un) 


where pz, is the nth positive root of the equation Jo(v) = 0 and w, = yu, c/l. 


oO 


13. u(x, t) = = Dn — ~e xp — Gen =) ‘s} ereys as TX. 
where t = — 

1S cos (a, x/2) ag a6 
4. Wx) = 7D TF Gin dada) MP (sll) | FE) cos “Fa 


— sin @,x/l) ; ue 
+> l1 — (sin 28, 1 — (sin 28, /28,) exp {— (Bi7/l *)} [ f(&) sin — dé, 


where t = (Kt/cp), a, is the nth positive root of the equation tan x = /H/x, and 


B, is the mth positive root of the equation tan x = —x/lH. 
sinh (nmy/a) .. 4 Ux = | sa 
15. u(x, y) = :> sinh (mba) © f(E) sin — dé, 


where sinh x 1s the hyperbolic sine (cf. Prob. 3 of Ch. 1). In the special case 


_ 4T) < sinh [(2n + 1) xy/a] sin [(2n + 1) rx/a] 
u(x, Y) = —_ sinh [(2n + 1) xb/a] 2n + 1 | 
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Abel’s lemma, 97 
Abel’s method of summation, 162 
Absolutely integrable functions, 8 
Fourier coefficients of, 71 
Antinode, 272 
Approximation of functions by polynomials, 
120-122 
Arithmetic means: 
method of, 156-162 


B 


Basic trigonometric system, 10, 41, 175-177 

completeness of, 117-118 
important consequences, of, 119-120 
in two variables, 175-177 

Bernstein’s theorem, 154 

Bessel’s equation, 197 
general solution of, 203-204 
parametric form of, 215 

Bessel functions, 197-220 
asymptotic formulas for, 208-213 
evaluation of integrals involving, 218-220 
of the first kind, of half-integral order, 

207-208 
of negative order, 202-203 
of nonnegative order, 198-201 
of the second kind, 203-205 
orthogonality of, 216-218 
relations between, 205-207 
zeros of, 213-215 

Bessel’s inequality, 54, 174 
consequences of, 66, 223 

Boundary conditions, 245 ff. 

Boundary value problems, 247 ff. 
generalized solutions of, 261-264 
inhomogeneous, 264-266 

Buniakovski inequality, 51 
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C 


Cauchy inequality, 63 

Cauchy principal value, 189 

Completeness condition, 54 

Complete systems, 54-60 
criterion for, 58-60 
properties of, 57-58 

Convergence in the mean, 55 

Convolution of two functions, 196 

Corners, 18 

Cosine series, 23 

Cosine transform, 192 


D 


Derivative, left-hand, 17 

right-hand, 17 
Discontinuity of the first kind, 17 
Discontinuity of the second kind, 17 


E 


Eigenfunction method: 
applications of, 268-318 
theory of, 245-267 

Eigenfunctions: 
definition of, 247 
orthogonality of, 251-254 

Eigenvalues: 
definition of, 247 
existence of, 250-251 
reality of, 251, 253 
sign of, 254-255 

Euler’s constant, 204 

Euler’s formula, 33 

Even extension of a function, 23 

Even function, 21 
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INDEX 


F 


Fourier-Bessel coefficients, 221 
order of magnitude of, 228-234 
Fourier-Bessel series, 220-244 
criteria for convergence of, 221-223 
definition of, 221 
differentiation of, 234-237 
of functions defined on [0,/}, 241-243 
of the second type, 237-241 
uniform convergence of, 225-228 
Fourier coefficients, 13 ff. 
approximate calculation of, 150-152 
complex, 34 
of functions of two variables, 174 
Fourier integral, 180-196 
definition of, 182 
theorem, 182 
different forms of, 189-190 
proof of, 188 
Fourier series (trigonometric), 1-40, 66-196 
addition and subtraction of, 122-123 
arithmetic means of partial sums of, 
157-158 
integral formula for, 158 
complex form of, 32-34 
conditions for convergence of, 19, 75-89, 
178 
differentiation of, 129-143 
double, 173-180 
with different periods, 180 
evaluation of, by using functions of a 
complex variable, 105-112 
improving the convergence of, 144 
integration of, 125-129 
list of, 147-150 
multiplication of, by a number, 123 
operations on, 115-154 
partial sums of, 73 
integral formula for, 73 
products of, 123-125 
summation of, 155-171 
uniform convergence of, 80-89 
Fourier series with respect to eigenfunctions, 
255 
Fourier transform, 190-193 
inverse, 190 
Functions of period 2/, 35-38, 94 
Fourier coefficients of, 35 
Fourier series of, 35 
Fundamental mode, 272 


G 


Gamma function, 199, 201-202 

Gibb’s phenomenon, 96 

Gram-Schmidt orthogonalization process, 
65 


H 


Harmonics, 2—6 
amplitude of, 3 
angular frequency of, 3 
initial phase of, 3 
superposition of, 7 
Heat capacity, 297 
Heat flow in a circular cylinder, 310-316 
steady-state, 313-316 
whose surface exchanges heat, 312-313 
whose surface ts insulated, 310-312 
Heat flow in a finite rod, 296-306 
with ends at constant temperature, 299- 
300 
with ends exchanging heat, 301-306 
with ends at specified variable tem- 
peratures, 301 
with ends at zero temperature, 297-299 
Heat flow in an infinite rod, 306-310 
Holder (Lipschitz) condition, 40 
Hooke’s law, 276 


I 


Improper integrals depending on a para- 
meter, 182-185 
continuity of, 183 
differentiation of, 184 
uniformly convergent, 182-185 
Infinite series of functions, 9 ff. 
convergent, 9 
differentiation of, 10 
integration of, 10 
sum of, 9 
uniformly convergent, 9 
Initial conditions, 246 ff. 
Integration by parts, 8 


J 


Jump discontinuity, 17 
Jump of a function, 17 


L 


Legendre polynomials, 65 
Limit: 
left-hand, 73 
right-hand, 73 
Linearly independent functions, 64, 251 
Liouville, J., 258 
Localization principle, 90 
Lyapunov, A. M., 119 


M 


Mean square error, 51-53 
minimum of, 52-53 
Membrane, 282 
Modulus of elasticity (Young’s modulus), 
276 


N 


Nodal lines, 286-288, 295-296 
Nodes, 272 
Norm of a function, 42, 173 


O 


Odd extension of a function, 24 
Odd function, 21 
Operational calculus, 192 
Orthogonal functions, 12, 41 
Orthogonal systems, 41-65, 173-174 
complete, 54, 174 
examples of, 44-50 
Fourier coefficients with respect to, 43 
Fourier series with respect to, 43 
normalized, 42, 173 
in two variables, 173-174 
Overtones, 273 


P 


Parseval’s theorem, 119, 177 
Period, 1 
standard, 8 
Periodic extensions, 15 ff. 
Periodic functions, definition of, | 
properties of, 1-2 
Piecewise smooth functions, 18 
Poisson’s kernel, 164 
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R 


Regular points, 108 
Restoring force, 3 
Riemann-Lebesgue lemma, 70 


S 


Scalar product, 61, 65 
Schwarz inequality, 51, 63 
Separation of variables, 246 
Simple harmonic motion, 3 
Sine series, 24 
Sine transform, 192 
Singularity, 105 
Smooth functions, 18 
Spectral function, 194 
Square integrable functions, 50 
Standing wave, 272 
Steklov, V. A., 258 
Sturm, J. C. F., 258 
Sum of consines, 71 
of sines, 98 
Summability of Fourier series, 155-171 
by Abel’s method, 164-170 
by method of arithmetic means (Cesaro’s 
method), 156-162 
System of functions: 
complete, 54-60, 64 
complete with weight r, 256 
linearly independent, 64 
vector analogy for, 60-63 


T 


Thermal conductivity, 296 
Timbre, 273 
Triangle inequality, 64 
Trigonometric integrals, limits of, 67-71 
Trigonometric polynomials, 6 
approximation of functions by, 115-117 
Trigonometric series with decreasing co- 
efficients, 97-114 
convergence of, 100-105 


U 


Unbounded functions, Fourier expansions 
of, 91-94 
Uniform convergence, 9 
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V 


Vibrating string, 269-275 
forced vibrations of, 273-275 
free vibrations of, 269-273 

Vibrations: 
characteristic, 274 
forced, 264 
free, 264 

Vibrations of a circular membrane, 288- 

296 
general case, 291-296 
radial, 288-291 


Vibrations of a rectangular membrane, 
282-288 
Vibrations of a rod (longitudinal), 277-282 
forced, 280-282 
free, 277-280 


W 


Weight (function), 217 

Weierstrass’ approximation theorem, 120 
Weierstrass’ M-test, 10 

Wronskian, 252 


